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HIERARCHICAL FILMS HAVING ULTRA
LOW FOULING AND HIGH RECOGNITION
ELEMENT LOADING PROPERTIES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application

[0002] No.61/588,785, filed Jan. 20, 2011, expressly incor-
porated herein by reference in its entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

[0003] This invention was made with Government support
under HDTRA1-10-1-0074 awarded by the Defense Threat
Reduction Agency and under N000140910137 awarded by
the Office of Naval Research. The Government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

[0004] Surface chemistries for biosensors, implantable
medical devices, targeted drug/gene delivery carriers, tissue
scaffolds, and targeted molecular imaging probes in complex
media remain a great challenge due to high nonspecific
adsorption and low binding capacity of molecular recognition
elements. Currently, few materials have been developed to
reduce nonspecific protein adsorption, including poly(ethyl-
ene glycol) (PEG), mannitol tetraglyme, and zwitterionic
polymers. The effectiveness of protein resistant materials
relies on their high surface packing densities. Unfortunately,
highly dense two-dimensional (2D) polymer films elicit the
limitation of a low ligand-binding capacity. At the same time,
a three-dimensional (3D) carboxymethylated dextran-based
hydrogel binding matrix was previously developed, enabling
very high protein loading due to an open polymer structure.
However, this open structure only provides weak surface
resistance to nonspecific protein adsorption, particularly in
complex media such as blood.

[0005] Despite the advances in the development polymer
films noted above, there is a need for polymer films with
precisely controlled architecture for achieving advantageous
properties for a variety of applications. The present invention
seeks to fulfill this need and provides further related advan-
tages.

SUMMARY OF THE INVENTION

[0006] In one aspect, the invention provides hierarchical
films.
[0007] Inone embodiment, the film comprises a first layer

having a first layer density, wherein the first layer is attached
to a substrate; and a second layer having a second layer
density, wherein the second layer is attached to the first layer,
wherein the first layer density is greater than the second layer
density.

[0008] In another embodiment, the film comprises a first
nonfouling layer (low level of fibrinogen or lysozyme non-
specific binding), wherein the first layer is attached to a sub-
strate; and a second layer that can be functionalized to include
recognition elements, wherein the second layer is attached to
the first layer.

[0009] In certain embodiments, the second layer of the
films of the invention further comprises a plurality of recog-
nition elements. Representative recognition elements include
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peptides, proteins, nucleic acids, and small molecules. In
certain embodiments, the recognition element is an antibody
or antibody fragment, or a DNA or an RNA.

[0010] In certain embodiments, the first layer comprises a
plurality of polymers. In one embodiment, the first layer is a
polymer brush. In certain embodiments, the first layer is a
nonfouling layer. In certain embodiments, the first layer has a
fibrinogen binding level less than about 30 ng/cm>. In other
embodiments, the first layer has a lysozyme binding level less
than about 30 ng/cm?. In certain embodiments, the first layer
comprises a first polymer layer having a first polymer density,
and the first polymer layer comprises a plurality of first poly-
mers, each of the first polymers having a first end and a second
end, wherein each first polymer is attached to a substrate
through its first end. In certain embodiments, the first poly-
mers are grafted from the substrate. In other embodiments,
the first polymers are grafted to the substrate.

[0011] Incertain embodiments, the second layer comprises
a plurality of polymers. In certain of these embodiments, the
second layer is a crosslinked layer (e.g., a hydrogel). In cer-
tain embodiments, the second layer comprises a second poly-
mer layer having a second polymer density, wherein the sec-
ond polymer layer comprises a plurality of second polymers,
each of the second polymers having a first end and a second
end, wherein each second polymer is attached to a first poly-
mer through its first end. In certain embodiments, the second
polymers are grafted from the first polymers. In other
embodiments, the second polymers are grafted to the first
polymers.

[0012] The first or second polymers are independently
selected from charged polymers and copolymers and non-
charged polymers and copolymers. Representative charged
polymers and copolymers include zwitterionic polymers and
copolymers and mixed charge copolymers. Representative
zwitterionic polymers include polysulfobetaines, polycar-
boxybetaines, polyphosphobetaines, peptides, and peptoids.
Representative non-charged polymers include alkylene oxide
polymers and copolymers (e.g., PEGs), polysaccharide poly-
mers and copolymers (e.g., dextrans), acrylamide polymers
and copolymers (e.g., acrylamide and methacrylamide poly-
mers and copolymers), and hydroxy-terminal polymers and
copolymers (e.g., HEMA and HPMA).

[0013] In certain embodiments, the films of the invention
include one or more additional layers attached to the second
layer.

[0014] In the films of the invention, the first layer is
attached to a substrate surface. Suitable surfaces include
metal and metal oxide surfaces, ceramic surfaces, synthetic
and natural polymeric surfaces, glass surfaces, fiber glass
surfaces, silicon/silica surfaces, carbon-based material sur-
faces, cell surfaces, and macromolecule surfaces (e.g., pro-
tein, DNAs, lipids). Representative substrates include diag-
nostic devices, medical devices, separation devices, targeting
delivery carriers, tissue scaffolds, and marine devices.
[0015] In another aspect, methods for making the films of
the invention are provided. In one embodiment, the method
includes forming a first layer having a first layer density on a
substrate; and forming a second layer on the first layer, the
second layer having a second density, wherein the first layer
density is greater than the second layer density. In certain
embodiments, the method further comprises attaching a plu-
rality of recognition elements to the second layer. In other
embodiments, the method further comprises attaching one or
more additional layers to the second layer.
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[0016] Incertain embodiments, forming the first layer com-
prises grafting first polymers from the substrate. In other
embodiments, forming the first layer comprises grafting first
polymers to the substrate.

[0017] In certain embodiments, forming the second layer
comprises grafting the second polymers from the first poly-
mers. In other embodiments, forming the second layer com-
prises grafting the second polymers to the first polymers.
[0018] In a further aspect, the invention provides methods
for determining the presence of an analyte in a sample. In one
embodiment, the method comprises contacting a sample with
a film of the invention comprising one or more recognition
elements, wherein the recognition element has a specific
binding affinity for the analyte, and interrogating the film to
determine whether the analyte has bound to the film.

DESCRIPTION OF THE DRAWINGS

[0019] The foregoing aspects and many of the attendant
advantages of this invention will become more readily appre-
ciated as the same become better understood by reference to
the following detailed description, when taken in conjunction
with the accompanying drawings.

[0020] FIG.1is a schematic illustration of a representative
polymer film of the invention having an ultra low fouling first
layer and high-loading second layer.

[0021] FIGS. 2A-2C compare IgG functionalization levels
(2A), fouling levels in the presence of undiluted serum or
plasma, before and after IgG functionalization (2B), and anti-
gen detection (2C) on films with one-layer (One) and hierar-
chical (HA) structures prepared via SI-ATRP and SI-PIMP.
[0022] FIG. 3 is an SPR sensorgram for a fouling test in the
presence of undiluted blood plasma or serum on a represen-
tative hierarchical pCB film of the invention.

[0023] FIG. 4 is an SPR sensorgram for a fouling test on a
representative hierarchical pCB film of the invention follow-
ing modification with TSH IgG, deactivation with SC buffer,
and then used for TSH antigen detection.

[0024] FIGS. 5A and 5B are schematic illustrations of con-
ventional platforms. FIG. 5 A illustrates a single layer 2D pCB
platform having excellent nonfouling properties, but low anti-
body loading (left panel) and a commercial dextran platform
having high antibody loading, but poor nonfouling properties
(right panel). FIG. 5B is a schematic illustration of a repre-
sentative two-layer film of the invention having a first dense
pCB layer to resist nonspecific adsorption and a second loose
(less dense) pCB layer to achieve high antibody loading.
[0025] FIG. 6 is a schematic illustration of a photoiniferter-
mediated polymerization of surface-tethered pCB brushes in
the presence of TED deactivator.

[0026] FIG. 7A compares SPR sensorgrams for fouling
tests on pCB films prepared from 100% MeOH without TED
addition in contact with undiluted plasma (@), fibrinogen
(&), lysozyme (V).

[0027] FIG. 7B compares film thickness and IgG binding
capacity of pCB films as a function of the TED concentration.
The dry film thicknesses were measured using ellipsometer.
IgG molecules were chemically conjugated on binding plat-
forms with one- and two-layer pCB structures and their bind-
ing capacities were estimated using SPR.

[0028] FIG. 8A compares IgG binding capacity and dry
thickness of the second layer as a function of the water con-
tent in the polymerization for the second layer.

[0029] FIG. 8B compares IgG binding capacity versus
EDC/NHS activation time.
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[0030] FIG. 9A compares SPR sensorgrams for fouling
tests with undiluted blood plasma on the two-layer structured
pCB films with and without IgG functionalization.

[0031] FIG. 9B compares TSH binding capacity and sur-
face bioactivity on pCB films with one-layer and two-layer
structures.

[0032] FIG. 10A is a schematic illustration of the prepara-
tion of representative films of the invention for sensing and
detection in undiluted complex media using a two-layer
architecture integrated with zwitterionic dual-functional
pCB.

[0033] FIG. 10B is a schematic illustration of the prepara-
tion of representative films of the invention.

[0034] FIG. 11 compares antibody immobilization versus
azide exposure time for second layer pCB films grown from
10% and 50% water content.

[0035] FIG. 12 compares antigen response versus azide
exposure time for second layers made using 10% and 50%
water content. For 10% SI-ATRP water content, all responses
were very similar with surfaces resulting in antigen-antibody
saturation. For 50% water content, both the O min and the 120
min conditions resulted in saturation. However, despite the 60
min condition having the highest level of antibody immobi-
lization, the response was low due to the restricted ability of
the antigen to diffuse through the polymer film thus taking
longer to saturate binding. The antigen solution was flowed
for a fixed time of 10 min.

[0036] FIG. 13 compares fouling to undiluted human
serum versus azide exposure time for second layer films made
using 10% and 50% water content.

[0037] FIG. 14 compares the effect of solvent water con-
centration on the second layer polymerization using a one
hour azide treatment.

[0038] FIG. 15A compares thicknesses and swelling ratios
of pCB films with dry thicknesses of about 10 nm. The thick-
nesses in air (full squares) and PBS (full circles) and the
swelling ratio (hollow squares) were measured using an ellip-
someter.

[0039] FIG. 15B compares the fouling tests for pCB films
from (a) with serum (darker bars) and plasma (lighter bars)
were determined using a SPR sensor.

[0040] FIG. 16 compares serum fouling versus dry film
refractive index and illustrates a minimum packing density
that is necessary to achieving ultra low fouling properties.

DETAILED DESCRIPTION OF THE INVENTION

[0041] The present invention provides hierarchical films
with structurally regulated functionalities through the inte-
gration of two-dimensional and three-dimensional structures
to achieve ultra low nonspecific binding and high loading of
molecular recognition elements. Methods for making and
using the films are also provided.

[0042] As used herein, the term “hierarchical” refers to the
layered architecture of the films, where the individual layers
have specific functions and properties.

[0043] The present invention provides dual-functional non-
fouling films, methods for making dual-functional nonfoul-
ing films, and devices that include dual-functional nonfouling
films. The dual-functional films of the invention are films that
are nonfouling (e.g., ultra low-fouling) surfaces that resist
non-specific protein adsorption and cell adhesion. The dual-
functional films of the invention also include covalently
coupled recognition elements (e.g., target binding partners)
that impart specific binding activity to the surfaces. Because
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the dual-functional films of the invention are nonfouling and
include immobilized recognition elements, these films are
useful in any method or device that requires sensitive specific
binding or specific binding measurement and at the same time
requires resistance to non-specific protein binding and cell
adhesion. The dual-functional films of the invention are use-
ful in medical diagnostic applications, biomaterials and tissue
engineering, and drug delivery.

[0044] Dual-Functional Films

[0045] In one aspect, the invention provides a film that
includes two layers: a first layer having a first layer density
and attached to a substrate; and a second layer having second
density and attached to the first layer. In certain embodiments,
the density of the first layer is greater than the density of the
second layer. In other embodiments, the film comprises a first
nonfouling layer (low level of fibrinogen or lysozyme non-
specific binding as described below), wherein the first layer is
attached to a substrate; and a second layer that can be func-
tionalized to include recognition elements, wherein the sec-
ond layer is attached to the first layer. In preferred embodi-
ments, the second layer of the films of the invention includes
a plurality of recognition elements.

[0046] The terms “film,” “coating,” and “surface coating”
are used interchangeably and refer the constructs of the inven-
tion having two layers as described above.

[0047] In certain embodiments, the first layer is a nonfoul-
ing layer. As used herein, the terms “nonfouling” and “ultra
low fouling” refers to layers and films of the invention that
resist or prevent non-specific protein adsorption and cell
adhesion. Non-specific protein adsorption can be measured
by determining the level of protein (e.g., fibrinogen or
lysozyme) adsorption that adsorbs to the surface per unit area.
[0048] The first layer of the films of the invention adsorb
less than about 30 ng/cm? fibrinogen or lysozyme. In one
embodiment, the first layer has a fibrinogen or lysozyme
adsorption less than about 10 ng/cm?; in one embodiment, the
fibrinogen or lysozyme adsorption is less than about 5
ng/cm?; in one embodiment, the fibrinogen or lysozyme
adsorption is less than about 3 ng/cm?; and in one embodi-
ment, the fibrinogen or lysozyme adsorption is less than about
0.3 ng/cm?.

[0049] The nonfouling function of the film is imparted to
the first layer by the materials of the first layer coupled to the
surface. These materials include zwitterionic materials. Suit-
able materials useful in making the surfaces include the poly-
mers and copolymers described in U.S. Pat. No. 7,879,444
(Superlow-Fouling Sulfobetaine and Carboxybetaine Mate-
rials and Related Methods) and US 20090259015 (Mixed
Charge Copolymers and Hydrogels), each expressly incorpo-
rated herein by reference in its entirety. Methods for measur-
ing protein adsorption (fibrinogen) are described in U.S. Pat.
No. 7,879,444, expressly incorporated herein by reference.
[0050] The thickness of the first layer of the film of the
invention can vary depending on the intended use of the film.
In certain embodiments, the first layer has a thickness from
about 1 to about 100 nm. In certain other embodiments, the
first layer has a thickness from about 1 to about 20 nm.
[0051] The second layer of the films of the invention is
attached to the film’s first layer and has a density less than the
density of the first layer. In certain embodiments, recognition
elements are attached to the second layer to render the films
dual-functional films. In these embodiments, the second layer
includes materials having a functional group or groups suit-
ably reactive to immobilize recognition elements (e.g., pro-
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teins such as antibodies). Representative functional groups
for these dual-functional materials include carboxylic acid
groups and amino groups, among others. As described in
detail below, in one embodiment, the dual-functional materi-
als are zwitterionic materials that can be attached (e.g.,
covalently coupled) to a surface and that have terminal car-
boxylic acid groups. These terminal carboxylic acid groups
can be activated for coupling to one or more amino groups
present in a biomolecule. In this embodiment, the carboxylic
acid groups may be converted to active esters (e.g., N-hydrox-
ysuccinimide esters) and then reacted with one or more amino
groups (e.g., amino group of a lysine residue of a protein) to
form an amide bond thereby immobilizing the protein to the
surface to provide a dual-functional film of the invention.
[0052] In the second layer, the materials can include car-
boxylic acid groups and certain of these carboxylic acid
groups are available for further chemical reaction, specifi-
cally the immobilization of recognition elements (i.e., target
binding partners) to the materials and, therefore, the film. In
certain embodiments, recognition elements having available
amino groups (—NH,) can be covalently coupled to the mate-
rials’ available carboxylic acid groups to immobilize the rec-
ognition element through stable amide linkages
(—CONH—). Inthe practice of the invention, a portion of the
materials having available carboxylic acid groups are acti-
vated for coupling and then covalently coupled to the recog-
nition elements to provide immobilized recognition ele-
ments. The extent of recognition elements immobilized to the
films of the invention can be readily controlled through the
reaction conditions (e.g., extent of carboxyl group activation
and concentration and amount of recognition elements
exposed to the activated layer for immobilization. Schematic
illustrations of representative nonfouling films of the inven-
tion having immobilized recognition elements are shown in
FIGS. 1, 10A, and 10B. It will be appreciated that in certain
circumstances, due to the difference in densities between the
second and first layers and the nature of the first layer, recog-
nition elements may be attached to the first layer.

[0053] The thickness of the second layer of the film of the
invention can also vary depending on the intended use of the
film. In certain embodiments, the second layer has a thickness
from about 10 nm to about 300 um. In certain other embodi-
ments, the second layer has a thickness from about 100 nm to
about 100 pm.

[0054] It will be appreciated that films with additional lay-
ers (e.g., third, fourth, fifth layers) are within the scope of the
invention. The additional layers can be formed on the two-
layer film described herein. For example, the third layer can
be formed on the second layer (e.g., by “graft from” or “graft
t0” techniques). Subsequent layers can be similarly formed.
[0055] Polymer Films

[0056] Representative films of the invention include poly-
mer films. As used herein, the term “polymer film” refers to a
film of the invention in which the first layer is a polymer layer,
the second layer is a polymer layer, or the first and second
layers are polymer layers.

[0057] In certain embodiments, the first layer comprises a
plurality of polymers. For these embodiments, the first layer
is a polymer layer. Suitable polymers layers include polymer
brushes. As used herein, the term “polymer brush” refers to an
assembly of polymer chains in which an end of each polymer
chain is attached to a substrate surface.

[0058] The second layer may also comprise a plurality of
polymers. For these embodiments, the second layer is a poly-
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mer layer. In certain of these embodiments, the second layer
is a crosslinked polymer layer and, in certain of these embodi-
ments, the second layer is a hydrogel.

[0059] Asnoted above, in certain embodiments, the films of
the invention, the density of the first layer is greater than the
density of the second layer.

[0060] As noted above, in certain embodiments, the first
layer of the films of the invention have a density greater than
the density of the second layer. As used herein, the term
“density” has its common meaning: mass per unit volume.
The greater density of the first layer of films of the invention
is readily apparent from the schematic illustrations of repre-
sentative films in FIG. 10A. Referring to FIG. 10A, because
notevery first polymer in the first layer is attached to a second
polymer in the second layer, the density of the second layer is
necessarily less than the density of the first layer.

[0061] The density of layers can be determined by refrac-
tive index or swelling ratio as described herein. Representa-
tive films of the invention have a dry film refractive index
from about 1.40 to about 1.57 RIU. In one embodiment, the
dry film refractive index is greater than about 1.45 RIU. In
another embodiment, the dry film refractive index is greater
than about 1.48 RIU. In a further embodiment, the dry film
refractive index is greater than about 1.50 RIU. Dry film
refractive index is measured as described in Example 4. See
also FIG. 16. Representative films of the invention have a
swelling ratio from about 1 to about 5. In one embodiment,
the swelling ratio is less than about 4. In another embodiment,
the swelling ratio is less than about 3. In a further embodi-
ment, the swelling ratio is less than about 2.5. Swelling ratio
is measured as described in Example 5. See FIGS. 15A and
15B.

[0062] In other embodiments, the film comprises a first
nonfouling layer (low level of fibrinogen or lysozyme non-
specific binding), wherein the first layer is attached to a sub-
strate; and a second layer that can be functionalized to include
recognition elements, wherein the second layer is attached to
the first layer. In this embodiment, the first layer need not have
a density that is greater than the second layer.

[0063] For certain polymer films of the invention, the first
layer comprises a first polymer layer having a first polymer
density, and the first polymer layer comprises a plurality of
first polymers, each ofthe first polymers having a first end and
a second end, wherein each first polymer is attached to a
substrate through its first end.

[0064] Similarly, for certain polymer films of the invention,
the second layer comprises a second polymer layer having a
second polymer density, and the second polymer layer com-
prises a plurality of second polymers, each of the second
polymers having a first end and a second end, wherein each
second polymer is attached to a first polymer’s second end
through the second polymer’s first end.

[0065] In certain embodiments, the polymer film of the
invention includes a first layer comprising a first polymer
layer having a first polymer density, the first polymer layer
comprising a plurality of first polymers, each of the first
polymers having a first end and a second end, wherein each
first polymer is attached to a substrate through its first end;
and a second layer comprising a second polymer layer having
a second polymer density, wherein the second polymer layer
comprises a plurality of second polymers, each of the second
polymers having a first end and a second end, wherein each
second polymer is attached to a first polymer’s second end
through the second polymer’s first end.
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[0066] As described above, the polymers are attached end
to end (first polymer first end attached to the substrate, and
first polymer second end attached to second polymer first
end), it will be appreciated that the polymers need not be
attached end to end. In certain embodiments the polymers can
be attached through attachment sites that are not at the poly-
mer end (terminus). The attachment sites can be near the
polymer end or, for example, near the middle of the polymer.

[0067] In certain embodiments, the first polymers are
grafted from the substrate surface. As used herein, the term
“grafted from” refers to an attachment method in which the
polymer is formed from the substrate. In this embodiment,
each of the first polymers are formed by polymerization from
the substrate. Suitable polymerization methods include free
radical polymerization, atom transfer radical polymerization
(ATRP), reverse addition fragment transfer (RAFT), photo-
iniferter-mediated polymerization (PIMP), and condensa-
tion/ring opening polymerization.

[0068] Inother embodiments, the first polymers are grafted
to the substrate surface. As used herein, the term “grafted to”
refers to an attachment method in which the first polymer is
attached to the substrate surface. In this embodiment, each of
the first polymers are first formed and then attached to the
substrate surface. The nature of the attachment of the first
polymer to the substrate surface is not critical; the attachment
site of each of the first polymer and substrate is suitably
reactive to the other. In certain embodiments, the first poly-
mer is attached to the substrate surface by click chemistry.
See, for example, http://onlinelibrary.wiley.com/doi/10.
1002/1521-3773(20010601)40:11%3C2004:: AID-
ANIE2004%3E3.0.CO;2-5/tull. In other embodiments, the
first polymer is attached to the substrate surface by thiol-ene
chemistry. See, for example, http://onlinelibrary.wiley.com/
doi/10.1002/anie.200903924/full. In certain embodiments,
non-covalent association (e.g., ionic, hydrophobic, hydrogen
bonding, or mechanical methods such as entanglement) are
effective graft to methods.

[0069] In certain embodiments, the second polymers are
grafted from the first polymers. This refers to an attachment
method in which the second polymer is formed from the first
polymer. In this embodiment, each of the second polymers
are formed by polymerization from a first polymer. Suitable
polymerization methods include free radical polymerization,
atom transfer radical polymerization (ATRP), reverse addi-
tion fragment transfer (RAFT), photoiniferter-mediated
polymerization (PIMP), and condensation/ring opening poly-
merization.

[0070] In other embodiments, the second polymers are
grafted to the first polymers. This refers to an attachment
method in which the second polymer is attached to the first
polymer. In this embodiment, each of the second polymers
are first formed and then attached to a first polymer. The
nature of the attachment of the second polymer to the first
polymer is not critical; the attachment site of each of the first
and second polymers is suitably reactive to the other. In
certain embodiments, the second polymer is attached to the
first polymer by click chemistry. In other embodiments, the
second polymer is attached to the first polymer by thiol-ene
chemistry. As noted above, in certain embodiments, non-
covalent association (e.g., ionic, hydrophobic, hydrogen
bonding, or mechanical methods such as entanglement) are
effective graft to methods.
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[0071] In the above methods, the second polymer may be
attached to the first polymer by covalent coupling the second
polymer to the first polymer.

[0072] Graft from ATRP and PIMP methods for making
films of the invention are described below and in Examples
1-3.

[0073] The specific polymers making up the first and sec-
ond layers is not critical so long as the properties of each layer
are maintained as described above. Suitable first and second
polymers include charged polymers and copolymers and non-
charged polymers and copolymers. Suitable charged poly-
mers include zwitterionic polymers and copolymers and
mixed charge copolymers. Suitable non-charged polymers
and copolymers include alkylene oxide polymers and copoly-
mers, polysaccharide polymers and copolymers (dextrans),
acrylamide polymers and copolymers, and hydroxy-terminal
polymers and copolymers (HEMA). Representative zwitteri-
onic polymers useful in the first and second layers include
polysulfobetaines, polycarboxybetaines, polyphosphobe-
taines, peptides, and peptoids. Representative zwitterionic
polymers useful in the second layer include polycarboxybe-
taines and mixed charge peptides.

[0074] In some embodiments, the first polymers are
selected from polysulfobetaines, polycarboxybetaines, poly-
phosphobetaines, and peptides, and the second polymers are
selected from polycarboxybetaines and peptides. In other
embodiments, the first polymers are polycarboxybetaines and
the second polymers are polycarboxybetaines.

[0075] In certain embodiments, the first and/or second
polymers of the first and second layers of the polymer film of
the invention are zwitterionic polymers. In the practice of the
invention, these polymers may be prepared by polymeriza-
tion of a zwitterionic (or latent zwitterionic) monomer.

[0076] Representative zwitterionic first or second polymers
have the formula:

PB-[L-(N*(Ry)(Ry))-L,-A0, X7, (M),

[0077] wherein

[0078] PB is the polymer backbone having n pendant zwit-
terionic groups;

[0079] R,andR;areindependently selected from the group

consisting of hydrogen, alkyl, and aryl, or taken together with
the nitrogen to which they are attached form a cationic center;

[0080] L, is a linker that covalently couples the cationic
center [N*(R5)(R)] to the polymer backbone;

[0081] L, is a linker that covalently couples the anionic
center [A(—0)—O7] to the cationic center;

[0082] AisC,S, SO, P, or PO;

[0083] M is an optional counter ion associated with the
(A=0)O~ anionic center;

[0084] X~ is an optional counter ion associated with the
cationic center; and

[0085]

[0086] Representative zwitterionic first or second polymers
comprise a plurality of repeating units, each repeating unit
having the formula:

n is an integer from 1 to about 10,000.
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L,

I

1=

O M*
[0087] wherein
[0088] R, is selected from the group consisting of hydro-
gen, fluorine, trifluoromethyl, C1-C6 alkyl, and C6-C12 aryl
groups;
[0089] R, andR;areindependently selected from the group

consisting of hydrogen, alkyl, and aryl, or taken together with
the nitrogen to which they are attached form a cationic center;
[0090] L, is a linker that covalently couples the cationic
center [N*(R5)(R¢)] to the polymer backbone [—(CH,—
CR4)717]5

[0091] L, is a linker that covalently couples the anionic
center [A(—0)—O] to the cationic center;

[0092] AisC,S, SO, P, or PO;

[0093] M™ is an optional counter ion associated with the
(A=0)—O0" anionic center;

[0094] X~ is an optional counter ion associated with the
cationic center; and

[0095] n is an integer from 1 to about 10,000.

[0096] In one embodiment, the polymer is a polycarboxy-
betaine. Suitable polycarboxybetaines can be prepared from
one or more monomers selected from the group consisting of
carboxybetaine acrylates, carboxybetaine acrylamides, car-
boxybetaine vinyl compounds, carboxybetaine epoxides, and
mixtures thereof. In one embodiment, the monomer is car-
boxybetaine methacrylate. Representative monomers for
making carboxybetaine polymers useful in the invention
include carboxybetaine methacrylates, such as 2-carboxy-N,
N-dimethyl-N-(2'-methacryloyloxyethyl) ethanaminium
inner salt; carboxybetaine acrylates; carboxybetaine acryla-
mides; carboxybetaine vinyl compounds; carboxybetaine
epoxides; and other carboxybetaine compounds with
hydroxyl, isocyanates, amino, or carboxylic acid groups. In
one embodiment, the polymer is a poly(carboxybetaine meth-
acrylate) (poly(CBMA)). In another embodiment, the poly-
mer is a poly(carboxybetaine acrylate) (poly(CBAA)).
[0097] In other embodiments, the first and/or second poly-
mers of the first and second layers of the polymer film of the
invention are mixed charge copolymers.

[0098] As used herein, the term “mixed charge copolymer”
refers to a copolymer having a polymer backbone, a plurality
of positively charged repeating units, and a plurality of nega-
tively charged repeating units.

[0099] The mixed charge copolymer includes a plurality of
positively charged repeating units, and a plurality of nega-
tively charged repeating units. In one embodiment, the mixed
charge copolymer is substantially electronically neutral. As
used herein, the term “substantially electronically neutral”
refers to a copolymer that imparts advantageous nonfouling
properties to the copolymer. In one embodiment, a substan-
tially electronically neutral copolymer is a copolymer having
anet charge of substantially zero (i.e., a copolymer about the
same number of positively charged repeating units and nega-
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tively charged repeating units). In one embodiment, the ratio
of the number of positively charged repeating units to the
number of the negatively charged repeating units is from
about 1:1.1 to about 1:0.5. In one embodiment, the ratio of the
number of positively charged repeating units to the number of
the negatively charged repeating units is from about 1:1.1 to
about 1:0.7. In one embodiment, the ratio of the number of
positively charged repeating units to the number of the nega-
tively charged repeating units is from about 1:1.1 to about
1:0.9. In the practice of the invention, these copolymers may
be prepared by polymerization of an ion-pair comonomer.
[0100] Inoneembodiment, the copolymers are prepared by
copolymerization of suitable polymerizable ion pair comono-
mers.

[0101] Representative ion-pair comonomers useful in the
invention have the formulas:

CH,—C(R-Ls-N*(Re)(R)(Rg)X™

CH,—C(Rs)-Ly-Ay(=0)—OM*

[0102] Representative mixed charge first or second poly-
mers have the formula:

PB-[L3-(N*(Rg(R7)(Rg)X ], [L4-A,0,"M"]

4
[0103] wherein
[0104] PB is the polymer backbone having n pendant cat-
ionic groups and p pendant anionic groups;
[0105] R, R, and R, are independently selected from
hydrogen, alkyl, and aryl, or taken together with the nitrogen
to which they are attached form a cationic center;
[0106] A(—O)—OM) is an anionic center, wherein A is C,
S, SO, P, or PO, and M* is an optional counter ion;
[0107] L, is a linker that covalently couples the cationic
center [N*(R)(R,)(Ry)] to the polymer backbone;
[0108] L, is a linker that covalently couples the anionic
center [A(—0)—OM] to the polymer backbone;

[0109] X is an optional counter ion associated with the
cationic center;

[0110] nis an integer from 1 to about 10,000; and

[0111] p is an integer from 1 to about 10,000.

[0112] Representative mixed charge first or second poly-

mers comprise a plurality of repeating units, the copolymer
having the formula:

Lo
|
RG—IIFL—R7 le—O
|
Ry O M
[0113] wherein
[0114] R, and Rj are independently selected from hydro-

gen, fluorine, trifluoromethyl, C1-C6 alkyl, and C6-C12 aryl
groups;

[0115] R4, R, and Ry are independently selected from
hydrogen, alkyl, and aryl, or taken together with the nitrogen
to which they are attached form a cationic center;

[0116] A(—O)—OM) is an anionic center, wherein A is C,
S, SO, P, or PO, and M* is an optional counterion;

[0117] L, is a linker that covalently couples the cationic
center [N*(R)(R,)(Ry)] to the polymer backbone;
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[0118] L, is a linker that covalently couples the anionic
center [A(—0)—OM] to the polymer backbone;

[0119] X~ is an optional counter ion associated with the
cationic center;

[0120] nis an integer from 1 to about 10,000; and

[0121] p is an integer from 1 to about 10,000.

[0122] Asnoted above, in certain embodiments, M* and X~

are optional as the cationic center and the anionic center
provide an inner salt.

[0123] For the above formulas illustrating polymer repeat-
ing units, * represents the point at which each repeating unit
is covalently linked to the next.

[0124] In the above formulas, the polymer backbone (PB)
may be any one of a variety of backbones known to those of
skill in the art (e.g., acrylic acid, alkylacrylic acid, such as
methacrylic acid; acrylamide, alkylacrylamide such as meth-
acrylamide). The nature of the polymer backbone is not criti-
cal. Suitable backbones include vinyl backbones (i.e.,
—CRHYR")—CR")(R"")—, where R', R", R", and R"" are
independently selected from hydrogen, alkyl, and aryl)
derived from vinyl monomers (e.g., acrylate, methacrylate,
acrylamide, methacrylamide, styrene). Other suitable back-
bones include polyamide backbones, such as poly(amino
acid) backbones.

[0125] 1In the above formulas, N* is the cationic center. In
certain embodiments, the cationic center is a quaternary
ammonium (e.g., Nbondedto L, R,, R;, and L,). In addition
to ammonium, other useful cationic centers (e.g., R, and R,
taken together with N) include imidazolium, triazaolium,
pyridinium, morpholinium, oxazolidinium, pyrazinium,
pyridazinium, pyrimidinium, piperazinium, and pyrroli-
dinium.

[0126] R,-Ry are independently selected from hydrogen,
alkyl, and aryl groups. Representative alkyl groups include
C1-C10 straight chain and branched alkyl groups. In certain
embodiments, the alkyl group is further substituted with one
of more substituents including, for example, an aryl group
(e.g., —CH,C.H,, benzyl). In one embodiment, R, and R;,
and Rg, R, and Ry, are methyl. Inone embodiment, R, -Rg are
methyl. Representative aryl groups include C6-C12 aryl
groups including, for example, phenyl. For certain embodi-
ments of the above formulas, R, andR;, and/or R, R, and Ry
are taken together with N* form the cationic center. In one
embodiment, R, and R are C1-C3 alkyl. In another embodi-
ment, Rg, R, and Ry are C1-C3 alkyl.

[0127] L, is a linker that covalently couples the cationic
center to the polymer backbone. In certain embodiments, [,
includes a functional group (e.g., ester or amide) that couples
the remainder of L, to the polymer backbone (or polymeriz-
able moiety for the monomers). In addition to the functional
group, L, can include an C1-C20 alkylene chain. Represen-
tative L, groups include —C(—0)O—(CH,),— and
—C(—O)NH—(CH,),—, where n is 1-20 (e.g., n=2).
[0128] L, is a linker that covalently couples the cationic
center to the anionic group. L, can be a C1-C20 alkylene
chain. Representative L, groups include —(CH,),,—, where
nis 1-20 (e.g., 1, 3, or 5).

[0129] L, is a linker that covalently couples the cationic
center to the polymer backbone. In certain embodiments, [
includes a functional group (e.g., ester or amide) that couples
the remainder of L to the polymer backbone (or polymeriz-
able moiety for the monomers). In addition to the functional
group, L; can include an C1-C20 alkylene chain. Represen-
tative L, groups include —C(—0)O—(CH,),— and
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—C(—=0O)NH—(CH,),—, where n is 1-20 (e.g., n=2). In
certain embodiments, [; is —C(—0)O—(CH,),—, wherein
nis 1-6.

[0130] L, is a linker that covalently couples the anionic
group to the polymer backbone. In certain embodiments, [, is
a C1-C20 alkylene chain. Representative L, groups include
—(CH,),—, where nis 1-20 (e.g., 1, 3, or 5).

[0131] Representative alkyl groups include C1-C30
straight chain and branched alkyl groups. In certain embodi-
ments, the alkyl group is further substituted with one of more
substituents including, for example, an aryl group (e.g.,
—CH,C¢Hs, benzyl).

[0132] Representative aryl groups include C6-C12 aryl
groups including, for example, phenyl including substituted
phenyl groups (e.g., benzoic acid).

[0133] X~ is the counter ion associated with the cationic
center. The counter ion can be the counter ion that results from
the synthesis of the cationic polymers or the monomers (e.g.,
CI7, Br7, I"). The counter ion that is initially produced from
the synthesis of the cationic center can also be exchanged
with other suitable counter ions. Representative hydrophobic
counter ions include carboxylates, such as benzoic acid and
fatty acid anions (e.g., CH;(CH,), CO,~ where n=1-19); alkyl
sulfonates (e.g., CH;(CH,),,SO;~ where n=1-19); salicylate;
lactate;  bis(trifluoromethylsulfonyl)amide anion (N~
(SO,CF;),); and derivatives thereof. Other counter ions also
can be chosen from chloride, bromide, iodide, sulfate; nitrate;
perchlorate (C10,); tetrafluoroborate (BF,,); hexafluorophos-
phate (PF); trifluoromethylsulfonate (SO;CF;); and deriva-
tives thereof. Other suitable counter ions include salicylic
acid (2-hydroxybenzoic acid), benzoate, and lactate.

[0134] In certain embodiments, A is C or SO.

[0135] In certain embodiments, n is an integer from 5 to
about 5,000.

[0136] In one embodiment, R,, Rs, Ry, R, and Ry are

methyl, L, is —C(—0)O—(CH,),—,andL,is—CH,—, A,
is C or SO, and n is an integer from 5 to about 5,000.

[0137] For the zwitterionic polymers and mixed charge
copolymers useful in the invention, the degree of polymer-
ization (DP or n), number average molecular weight (M,,),
and the ratio of weight average and number average molecu-
lar weights (M, /M,,.), also known as polydispersity index,
can vary. In one embodiment, the polymers have a degree of
polymerization (n) from 1 to about 10,000. In one embodi-
ment, n is from about 10 to about 5,000. In another embodi-
ment, nis from about 100 to about 3,500. In one embodiment,
the polymers have a number average molecular weight (M,,)
of from about 200 to about 2,000,000 Da. In one embodiment,
M,, is from about 2,000 to about 100,000 Da. In another
embodiment, M,, is from about 20,000 to about 80,000 Da. In
one embodiment, the polymers have a ratio of weight average
and number average molecular weight (M, /M,,.) of from
about 1.0 to about 2.0. In one embodiment, M, /M,,. is from
about 1.1 to about 1.5. In another embodiment, M, /M,,. is
from about 1.2 to about 2.0.

[0138] Recognition Elements

[0139] As noted above, in the films of the invention, the
second layer includes a plurality of recognition elements. The
terms “recognition elements” and “target binding partners”
are used interchangeably.

[0140] The binding affinity of a target molecule toward to
the surface results from the target binding partners immobi-
lized on the surface. The target binding partner and the target
molecule, each termed a binding pair member, form a binding
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pair. Each binding pair member is a molecule that specifically
binds the other member. In one embodiment, the target bind-
ing partner has affinity to a target molecule with K, less than
about 1072,

[0141] A binding pair member can be any suitable mol-
ecule including, without limitation, proteins, peptides, pro-
teins, poly- or oligo-saccharides, glycoproteins, lipids and
lipoproteins, and nucleic acids, as well as synthetic organic or
inorganic molecules having a defined bioactivity, such as an
antibiotic, anti-inflammatory agent, an enzyme substrate, or a
cell adhesion mediator (i.e., a small molecule).

[0142] Examples ofproteins that can be immobilized on the
surfaces of the present invention include ligand-binding pro-
teins, lectins, hormones, receptors, and enzymes. Represen-
tative proteins include antibodies (monoclonal, polyclonal,
chimeric, single-chain or other recombinant forms) and frag-
ments thereof, their protein/peptide antigens, protein-peptide
hormones, streptavidin, avidin, protein A, proteins G, growth
factors and their respective receptors, DNA-binding proteins,
cell membrane receptors, endosomal membrane receptors,
nuclear membrane receptors, neuron receptors, visual recep-
tors, and muscle cell receptors. Representative oligonucle-
otides that can be immobilized on the surfaces of the present
invention include DNA (genomic or cDNA), RNA, antisense,
ribozymes, and external guide sequences for RNAase P, and
can range in size from short oligonucleotide primers up to
entire genes.

[0143] Other target binding partners that bind specifically
to a target compound include poly- or oligosaccharides on
glycoproteins that bind to receptors, for example, the carbo-
hydrate on the ligand for the inflammatory mediators P-se-
lectin and E-selectin, and nucleic acid sequences that bind to
complementary sequences, such as ribozymes, antisense,
external guide sequences for RNAase P, and aptamers.
[0144] In one embodiment, the target binding partner is an
antibody, and the target molecule is an antigen against the
antibody. In this embodiment, the surface of the invention
specifically binds to the antigen and resists non-specific pro-
tein adsorption. In one embodiment, the target binding part-
ner is a protein capable of promoting cell adhesion, and the
target molecule is a cell. In this embodiment, the surface of
the invention specifically binds to the cell and resists non-
specific protein adsorption and non-specific cell adhesion.
[0145] In certain embodiments, the second layer has a rec-
ognition element binding level of about 200 to about 1500
ng/cm?.

[0146] Film Substrates

[0147] A variety of substrate surfaces can be rendered dual-
functional using the materials and methods described herein.
Representative surfaces that can be rendered dual-functional
include metal and metal oxide surfaces, ceramic surfaces,
synthetic and natural polymeric surfaces, glass surfaces, fiber
glass surface, silicon/silica surfaces, carbon-based material
surfaces, protein-based material surfaces, and cell surfaces.
Representative natural polymeric surfaces include collagen,
fibrins, and other carbohydrate surfaces suitable for the use of
tissue engineering. Representative carbon-based material
surfaces include carbon fiber, nanotube, and bulky ball sur-
faces.

[0148] Suitable substrates include those substrates useful
in medical diagnostic applications such as biosensors, bio-
probes, and biomedical devices including in vivo devices;
biomaterials and tissue engineering applications, such as
membranes for bioprocesses or bioseparation, implantable
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devices, prosthetics, and tissue scaffolds; and drug delivery
applications, such as particles and nanoparticles.

[0149] Inoneembodiment, the present invention provides a
SPR sensor comprising a film of the invention.

[0150] It will be appreciated that the films of the invention
have been described as including (i.e., the film comprises) the
stated components. It will be appreciated that in certain
embodiments, the films of the invention described above
include the stated components as well as other components
that do not alter the novel and material characteristics prop-
erties of the film (i.e., the film consists essentially of). Com-
ponents that alter the novel and material characteristics of the
film include components that adversely affect the films ultra
low fouling or the ability of the film to capture target mol-
ecules through its recognition elements. It will also be appre-
ciated that in certain embodiments, the films of the invention
described above include only the stated components (i.e., the
film consists of).

[0151] Methods for Making Films

[0152] Inanotheraspectofthe invention, methods for mak-
ing the films of the invention are provided. In one embodi-
ment, the method includes forming a first layer having a first
layer density on a substrate; and forming a second layer on the
first layer, the second layer having a second density, wherein
the first layer density is greater than the second layer density.
In certain embodiments, further includes a plurality of recog-
nition elements to the second layer.

[0153] As noted above, in certain embodiments, the film is
a polymer film in which the first, second, or first and second
layers comprise a plurality of polymers. In certain embodi-
ments, the first layer is a nonfouling layer and the second layer
is effective to specifically bind target agents. In certain
embodiments, the first layer comprises a first polymer layer
having a first polymer density, and the first polymer layer
comprises a plurality of first polymers, wherein each first
polymer is attached to a substrate; and the second layer com-
prises a second polymer layer having a second polymer den-
sity, wherein the second polymer layer comprises a plurality
of'second polymers, wherein each second polymer is attached
to a first polymer.

[0154] The first layer can be formed by grafting first poly-
mers from the substrate. Grafting the first polymers from the
substrate can be accomplished by any one of a variety poly-
merization methods (e.g., free radical polymerization, atom
transfer radical polymerization (ATRP), reverse addition
fragment transter (RAFT), photoiniferter-mediated polymer-
ization (PIMP), condensation/ring opening polymerization).
[0155] Alternatively, the first layer can be formed by graft-
ing first polymers to the substrate. In these methods, the first
polymer can be attached to the substrate by any one of a
variety of coupling techniques. In one embodiment, the first
polymers are covalently coupled to the substrate by click
chemistry. In another embodiment, the first polymers are
covalently coupled to the substrate by thiol-ene. It will be
appreciated that any coupling technique requires suitably
reactive second polymers and first layer components.

[0156] For embodiments in which the film is a polymer
film, the first polymer may be coupled to the substrate surface
through alkylene linkers. The grafting of the polymers onto
the surface of the substrate through the alkylene linkers may
be via any one of a variety of polymerization methods as
described herein. SAMs on substrate surfaces are an excellent
platform for surface polymerization. In one embodiment, a
radical initiator-terminated self-assembly monolayer (SAM)
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comprising the alkylene linkers can be formed onto the sub-
strate surface, and the polymers are grafted onto the surface
through the radical initiator-terminated self-assembly mono-
layer. In this method, the substrate surface can be coated with
the SAMs terminated with radical initiator, wherein the radi-
cal initiators are tethered to the surface through alkylene
linkers. The alkylene linkers can be any substituted or unsub-
stituted alkylene. In one embodiment, the alkylene linker is a
C2-C30 alkylene. Polymers are then formed onto the SAMs
to provide a layer of nonfouling polymeric coating on the
substrate surface. Atom transfer radical polymerization is
initiated by the radical initiator at the SAMs terminus.
[0157] In one embodiment, a hydroxyl-terminated mono-
layer having alkylene linkers can be formed onto the substrate
surface, which is subsequently converted to a radical initiator
terminated monolayer.

[0158] Materials and methods for making a single layer
polycarboxybetaine film having nonfouling properties and
the ability to specifically bind target agents is described in US
2010/0099160 (Dual-Functional Nonfouling Surfaces and
Materials), expressly incorporated herein by reference in its
entirety.

[0159] The second layer can be formed by grafting second
polymers from the first layer. Grafting the second polymers
from the first polymers can also be accomplished by any one
of a variety polymerization methods (e.g., free radical poly-
merization, atom transfer radical polymerization (ATRP),
reverse addition fragment transfer (RAFT), photoiniferter-
mediated polymerization (PIMP), condensation/ring opening
polymerization). A schematic illustration of representative
methods for grafting second polymers to the first layer is
shown in FIG. 1.

[0160] Alternatively, the second layer can be formed by
grafting second polymers to the first layer. In these methods,
the second polymer can be attached to the first layer by any
one of a variety of coupling techniques. In one embodiment,
the second polymers are covalently coupled to the first layer
by click chemistry. In another embodiment, the second poly-
mers are covalently coupled to the first layer by thiol-ene. It
will be appreciated that any coupling technique requires suit-
ably reactive second polymers and first layer components.
[0161] It will be appreciated that films with additional lay-
ers (e.g., third, fourth, or fifth layers) are within the scope of
the invention. The additional layers can be formed on the
two-layer film described herein. For example, the third layer
can be formed on the second layer (e.g., by “graft from” or
“graft t0” techniques). Subsequent layers can be similarly
formed.

[0162] The present invention provides methods for modi-
fying the second layer to provide a surface having affinity
toward a target molecule. In one embodiment, the method for
modifying a surface, includes covalently coupling a plurality
of target binding partners (i.e., recognition elements) to the
second layer. In certain embodiments, an amide linkage is
formed between the polymers and the target binding partners.
For polymer films that include carboxylic acid groups (e.g.,
polycarboxybetaines), covalently coupling the plurality of
target binding partners to the plurality of polymers includes
converting a portion of carboxylic acid groups to activated
esters and reacting the activated esters with target binding
partners having amino groups. For polymers that have been
modified to include available amino groups, covalently cou-
pling the plurality of target binding partners to the plurality of
polymers includes converting a portion of carboxylic acid
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groups of the target binding partners to activated esters and
reacting the activated esters with the polymers of the surface
having available amino groups. In one embodiment, the acti-
vated esters are N-hydroxysuccinimide esters. Suitable target
binding partners include those described in detail above with
regard to the films of the invention.

[0163] As noted above, the carboxylic acid groups of the
polymers may be activated by forming activated intermediate
groups for further coupling with the amino groups of the
biomolecule. Any activated form of carboxylic acid groups
may be used in the present invention. The representative
activated intermediate groups include carbodiimides, carbo-
nyldiimidazoles, uranium salts, isothiocyanates, isocyanates,
acyl azides, N-succinimidyl esters (NHS esters), sulfonyl
chloride, aldehydes, epoxides arylating groups, imido esters,
and anhydrides. In one embodiment, O—(N-succinimidyl)-
N,N,N',N'-tetramethyluronium tetrafluoroborate (TSTU) is
used to convert the carboxylic acid groups on the polymers to
activated uronium salts. In another embodiment, carbodiim-
ides and N-hydroxysuccinimide (EDC/NHS coupling chem-
istry) are used to convert the carboxylic acid groups on the
polymers to activated N-hydroxysuccinimide esters.

[0164] In one embodiment, the carboxylic acid groups
were converted to activated NHS esters by treating the car-
boxylic acid groups with N-bromo succinimide (NHS) and
N-ethyl-N'-(3-diethylaminopropyl) carbodiimide (EDC)
under acidic conditions (e.g., pH 2.5 to 6). The activated NHS
esters were coupled with the amino groups of the target bind-
ing partner forming amide bonds under basic conditions (e.g.,
pH7.4t0 11).

[0165] The preparation of representative films of the inven-
tion is described in Examples 1-3.

[0166] Methods for measuring refractive index and swell-
ing ratio for representative films of the invention are
described in Examples 4 and 5, respectively.

[0167] Methods for Detecting the Presence of an Analyte
Using the Film of the Invention

[0168] In another aspect, the invention provides methods
for determining the presence of an analyte in a sample. The
method utilizes film of the invention comprising a plurality of
recognition elements. In one embodiment, the method
includes contacting a sample with a film of the invention
comprising a plurality of recognition elements, wherein each
recognition element has a specific binding affinity for the
analyte; and interrogating the film to determine whether the
analyte has bound to the film. The film can include one or
more different recognition elements for the detection of one
or more analytes. The film can be interrogated by any method
that provides an indication of analyte binding to the film.
[0169] Representative films and methods for making and
using the films are described below.

[0170] Representative Polymer Films

[0171] Inone aspect, the invention provides a polymer film
having two layers (i.e., a hierarchical architecture) prepared
from two distinct surface-initiated techniques. These “graft
from” techniques are based on controlled “living” radical
polymerizations and provide polymer brushes having con-
trolled chemical composition, film thickness, and architec-
ture. As shown in FIG. 1, one film was prepared via surface
initiated atom transfer radical polymerization (SI-ATRP) and
the other film was prepared via surface initiated photoinifer-
ter-mediated polymerization (SI-PIMP). In each film, the first
layer was grown in a controlled manner to reach a high
surface packing density. The second layer, with a lower sur-
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face packing density, was achieved through “termination” or
“regeneration” of the living capped species at the polymer
chain end for SI-ATRP and SI-PIMP, respectively.

[0172] Due to the dual functionality of poly(carboxybe-
taine) (pCB) films, a surface plasmon resonance (SPR) bio-
sensor with a pCB film was used for demonstrating the novel
hierarchical architecture. Surface-tethered pCB brushes
formed by both SI-ATRP and SI-PIMP achieve excellent
resistance to nonspecific protein adsorption in the presence of
complex media, such undiluted human blood serum and
plasma, to fouling levels below 5 ng cm™>. These fouling
levels can be maintained following the immobilization of
around 250 ng cm™ of antibody using conventional 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide and N-hydrox-
ysuccinimide (EDC/NHS) coupling chemistry under biologi-
cally friendly conditions. However, this functionalization
level only corresponds to an IgG monolayer. The pCB-based
polymer films (platforms) of the invention with hierarchical
structures on a SPR sensor surface provide sensitive quanti-
fication of IgGG immobilization, antigen binding, and nonspe-
cific protein adsorption.

[0173] As shown in FIG. 1, ATRP was combined with a
“termination” approach for demonstrating the novel architec-
ture. ATRP involves a dynamic equilibrium between activated
propagating radicals and dormant halide end-capped polymer
chains, yielding low polydispersity and controlled growth.
This “living” characteristic enables re-initiation from macro-
initiators for the synthesis of block copolymers. To achieve
hierarchical pCB films possessing ultra low fouling and high
loading properties via SI-ATRP, a densely-packed first layer
was grown from a gold coated SRP chip modified with an
alkyl bromide terminated self-assembled monolayer (SAM).
The chips were then submerged in a methanolic solution
containing 2,2'-bipyridine, CuBr, and CB monomer under
nitrogen protection and allowed to react overnight. The
resulting thickness was 7.6+0.3 nm (Table 1). Importantly,
these conditions enabled a highly dense yet thin film to be
grown. While the high density is key for achieving low foul-
ing, a thin film is desired for many sensing applications, such
as SPR, as the signal intensity/sensitivity decays exponen-
tially from surface of the metal substrate. To establish a hier-
archically structured pCB film for increasing the binding
capacity, the macroinitiator density for re-growth of the sec-
ond pCB layer was regulated via azide substitution of bro-
mide species thus “terminating” the future growth of the
corresponding chains during the second ATRP reaction. The
density of the polymer chains can be controlled by the azide
concentration and reaction time. A 2 hr submersion using an
azide concentration of 0.1 M produced an optimal second
layer polymer density for protein immobilization. For the
growth of the second pCB layer, water-accelerated polymer-
ization with a solvent consisting of 50% water in methanol
was employed to induce a high polydispersity of polymer
chains. The resulting thickness of the structured film with
azide substitution was higher than that without treatment.
This is in agreement with previous reports showing rapid
bimolecular termination at high initiator densities using aque-
ous ATRP whereas more dilute initiators enabled continued
linear and controlled polymer growth.

[0174] In contrast to SI-ATRP, SI-PIMP releases capped
species from the polymer chains during polymerization, pri-
marily due to bimolecular termination. This irreversible ter-
mination significantly hampers future polymer growth.
Therefore, in order to control the chain density of the second
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layer via SI-PIMP, a “regeneration” approach was adopted in
which the addition of a deactivator, tetraethylthiuram disul-
fide (TED), was able to preserve the end-capped photoinifer-
ter groups on the grafted polymers for re-growth ofthe second
layer with controlled grafting density. SPR gold substrates
were first modified with the photoiniferter (N,N-(diethy-
lamino)-dithiocarbamoylbenzyl(trimethyoxy)-thiol
(DTCA)) to form SAMs. Similarly to SI-ATRP, the first layer
for SI-PIMP was also synthesized in 100% methanol to form
a highly dense and thin film. Reactions were conducted using
a30 min UV irradiation and the resulting film thicknesses are
shown in Table 1. The first layer thicknesses prepared with 2
UM TED was comparable to that without TED (11.1+0.6 nm).
Subsequently, the films were re-initiated in a 90% water/
methanol solution resulting in TED treated films with greater
thicknesses than those made without, reflecting the ability of
TED for preserving the reactive photoiniferter end groups and
thereby maintaining the “living” characteristic of SI-PIMP.
[0175] Thethicknesses of representative films prepared via
SI-ATRP and SI-PIMP with and without treatment to capped
species are compared in Table 1.

TABLE 1

Film thickness with and without treatment to capped species.

SI-ATRP SI-PIMP

Thickness (nm) Thickness (nm)
First Layer 7.6 0.3 10.8 0.8
Re-growth (without treatment) 13.2+03 32.1+0.6
Re-growth (with treatment) 17509 46.1 = 1.6

[0176] Functionalization and fouling tests were monitored
in situ using a custom-built SPR sensor with wavelength
modulation (see representative sensorgrams in FIGS. 3 and
4). For antibody immobilization, the films were activated
using EDC/NHS coupling chemistry followed by injecting an
anti-human thyroid stimulating hormone (anti-TSH) IgG
solution. The unreacted NHS esters were then hydrolyzed
back into the original carboxylate groups using 10 mM
sodium carbonate buffer with 300 mM NaCl at pH 10. As
shown in FIG. 2A, the functionalization levels were estimated
as 195.9 ng cm™ and 417.0 ng cm~2 for one-layer (“One”)
and hierarchical (“HA”) films prepared via SI-ATRP; 253.
0x14.8 and 792.7+54.7 ng cm™* for one-layer and hierarchi-
cal films from SI-PIMP. An increase in binding capacities for
IgG molecules on pCB films was observed for the hierarchi-
cal architecture. For the IgG functionalized one-layer films,
the binding capacities were similar to that obtained with
carboxyl-terminated SAMs. Although pCB provides abun-
dant carboxyl groups for biomolecule conjugation, highly-
packed polymer brushes hamper the penetration of molecules
due to steric hindrance and therefore modification only takes
place at the accessible functional groups on the topmost layer
of the pCB films. However, for the hierarchical films, the
chain densities of the second layer were controlled via the
termination and regeneration approaches. Constructed from
highly dense first layers, the loose second layers allowed
diffusion of antibodies thus enabling conjugation with NHS
esters throughout the entire second layer. The control experi-
ments using the structured films without treatment of capped
species were also conducted. IgG immobilization levels were
reduced by 30% and 64% for SI-ATRP and SI-PIMP, respec-
tively, compared to the corresponding treated hierarchical
pCB films. This evidence indicates that a sufficient number of
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accessible binding groups for protein modification, made
apparent by the larger second-layer film thicknesses of the
treated films, are a determining factor of the ligand loading
capacity.

[0177] The protein fouling levels on one-layer films and
hierarchical pCB films before and after IgG functionalization
were tested by flowing undiluted blood serum or plasma
(FIG. 2B). All fouling levels were very low as a result of the
highly-packed first pCB layers serving as ultra low fouling
backgrounds. As a comparison, the fouling level for a loose
pCB one-layer film with a thickness 0f'12.3 nm prepared from
50% water in methanol by SI-PIMP was as high as 54.3 ng
cm™2 in the presence of serum. These results indicate that the
high performance of pCB for effective resistance against
non-specific adsorption and high ligand loading is established
on the basis of control over the polymer architecture.

[0178] Solutions containing TSH antigen were flowed over
the functionalized surfaces to evaluate the antigen detection
ability (FIG. 2C) and the bio-activities (molar ratios of anti-
gen to antibody) of the binding platforms. TSH binding
capacities were 42.1+2.4 ng cm™2 and 128.5+26.2 ng cm~> for
one-layer and hierarchical pCB films from SI-PIMP, respec-
tively. The corresponding bio-activities were 0.89 and 0.87.
The one-layer and hierarchical pCB films made via SI-ATRP
bound 30.4 ng cm™> and 74.7 ng cm™> of TSH, respectively,
with bio-activities of 0.80 and 0.93, respectively. Thus, the
binding capacity for antigens is well correlated to the degree
of antibody immobilization and that the bio-activity of the
film is not affected by the pCB hierarchical architecture.
[0179] SI-PIMP Methods

[0180] In one embodiment, the invention provides a poly-
mer film having two layers (i.e., a high density ultra low
fouling first layer and a low density second layer suitable for
presenting recognition elements) prepared via surface initi-
ated photoiniferter-mediated polymerization (SI-PIMP)
techniques.

[0181] Zwitterionic  polycarboxybetaine  acrylamine
(pCB)-based platforms with a two-layer structure for ultra
low fouling and high protein loading properties were pre-
pared. The first pCB layer with a high packing density pre-
pared under a water-free condition serves as a protective layer
to resist nonspecific adsorption from complex media. The
second pCB layer with a low packing density is used to
achieve high protein immobilization. Addition of tetraeth-
ylthiuram disulfide (TED) and the water content in the reac-
tion were varied to regulate polymer chain density and length,
respectively, for the second pCB layer. The in situ modifica-
tion of pCB films with anti-human thyroid stimulating hor-
mone (TSH) IgG molecules and the detection of TSH anti-
gens were employed to demonstrate high protein
immobilization and high antigen detection capabilities of this
two-layer structure. Undiluted blood plasma was used to test
the nonfouling properties of this system. Nonspecific and
specific interactions were monitored by a surface plasmon
resonance sensor.

[0182] In one embodiment, the two-layer structured pCB
film was prepared by (i) growing a densely-packed first pCB
brush under a water-free polymerization condition, (ii)
adjusting the surface density of the “living” capping moieties
on the first pCB layer by adding the TED molecules, and (iii)
promoting the chain growth of the second pCB layer via
water-accelerated polymerization. The growth of polymer
brushes was monitored using ellipsometer. The protein load-
ing on the structured pCB films was investigated by conju-
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gating anti-human thyroid stimulating hormone (TSH) anti-
bodies through EDC/NHS coupling chemistry, followed by
flowing the TSH antigens for estimating the bioactivities. The
non-fouling properties of the platforms before and after anti-
body functionalization were realized by challenging with
undiluted human blood plasma.

[0183] Although this pCB platform has shown great suc-
cess to resist nonspecific protein adsorption from complex
media, relatively low antibody loading, similar to all 2-di-
mensional (2D) surface platforms, limits the sensor response
to analyte binding. Owing to the high packing density of the
brush film, such surfaces can merely achieve an antibody
binding capacity of only 250 ng cm™ (corresponding to an
IgG monolayer) (FIG. 5A, left panel). A three-dimensional
(3D) carboxymethylated dextran-based SPR chip fabricated
via a “graft-to” approach has a high protein binding capacity
of more than 1000 ng cm™>. However, this high loading
accompanies high nonspecific protein adsorption on unpro-
tected substrate surfaces during detection primarily due to the
“loose” polymeric structure (FIG. 5B, right panel).

[0184] Inoneembodiment, the presentinvention providesa
two-layer structured binding platform that incorporates a first
highly dense pCB layer to achieve ultra-low fouling and a
second “loose” pCB layer to achieve a high antibody binding
capacity (FIG. 5B).

[0185] Surface-initiated photoiniferter-mediated polymer-
ization can be used for preparing surface-tethered pCB films.
This polymerization technique poses advantages of simple
experimental process, fast reaction rate, and large-scaled sur-
face polymerization, which make an attractive approach for
tailoring surface properties. In addition, this technique
enables to control light exposure spatially and temporally for
creating multidimensional structures regardless of types of
monomers. The pCB chains were grown from a self-as-
sembled monolayer comprising of thiolated photoiniferter
(N,N-(diethylamino)-dithiocarbamoylbenzyl(trimethyoxy)
thiol (DTCA)). The photoiniferters provide control over the
reaction by maintaining equilibrium between activated
propagating chains and dormant chains that are capped by
deactivating species, resulting in controlled radical polymer-
ization. However, due to a low concentration of the deactivat-
ing radicals, the polymerization favors irreversible termina-
tion caused by bimolecular termination. To preserve the
“living” capability of the pCB films, the reduction of termi-
nation can be accomplished by adding deactivating species,
tetraethylthiuram disulfide (TED), to the reaction medium
(FIG. 6). While irradiated with UV light, TED undergoes a
homolytic cleavage, generating two dithiocarbamyl (DTC)
radicals. As the concentration of the deactivating species
increases, the capability of re-initiation is enhanced. Repre-
sentative films of the invention (two-layer pCB films) were
prepared by: (i) growing a densely-packed first pCB brush
under a water-free polymerization condition; (ii) adjusting
the surface density of the “living” capping moieties on the
first pCB layer by adding the TED molecules, and (iii) pro-
moting the chain growth of the second pCB layer via water-
accelerated polymerization.

[0186] The densely-packed first pCB layer was fabricated
via photoiniferter-mediated polymerization in 100% metha-
nol. After 30 min UV exposure, the resulting thickness of the
pCB was d1st=10.9+0.7 nm. In FIG. 7A, the fouling tests
with undiluted plasma, 1 mg mL™" fibrinogen and lysozyme
dissolved in PBS for the first pCB film were monitored on
SPR. After the buffer washing the fouling level was indicated
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as 3.9£0.8 nm for plasma and for fibrinogen and lysozyme,
their fouling levels were both below the detection limit of the
SPR sensor which is 0.3 ng cm™2. 21 Therefore, the first pCB
layer was developed and ensured its efficient protection of the
surface from protein adsorption.

[0187] Inorder to re-initiate the second layer of pCB, TED
was added to regenerate the initiator during the polymeriza-
tion for the growth of'the first pCB layer in order to prevent the
irreversible termination. The concentration of TED was var-
ied from 0 to 50 uM. The growth of the second layers was
accomplished with the CB monomer concentration of0.15 M
in the mixed solvent of MeOH:H,0=50:50 for 30 min. In
FIG. 7B, the dry thickness of the first pCB layer deceased
with the increased TED concentration. However, the thick-
ness of the second pCB layer increased from d2nd=2.7+0.8
nm to 9.8+0.4 nm. This indicates that the presence of TED in
the polymerization shifts the equilibrium of the surface-teth-
ered radicals toward the dormant state as shown by decreased
thicknesses in the first pCB layers with the TED concentra-
tion. As a result, the TED addition slowed the monomer
conversion rate and to inhibit generation of radicals. At the
same time, the re-growth of the second pCB layer was pro-
moted due to the high surface concentration of iniferter spe-
cies.

[0188] The IgG modification was conducted through EDC/
NHS coupling chemistry and the corresponding binding
capacities of surfaces were measured using a SPR sensor.
FIG. 7B shows that the maximum binding capacity occurred
on the two-layer pCB film prepared from the TED concen-
tration of 2 uM, which was I'=546.2271.4 ng cm™>. The
one-layer pCB films prepared from the TED concentrations
of0and 50 uM, the binding capacities for IgG molecules were
significantly lower than any two-layer structured films. For
instance, on the one-layer film prepared from 50 uM TED, the
binding capacity was merely I'=116.0+65.6 ng cm™>. The
results indicate that for the one-layer films and the two-layer
films prepared from high TED concentration, it was difficult
for IgG molecules to penetrate through the brushes owing to
the steric hindrance and most likely conjugated on the out-
most of pCB films.

[0189] To further increase the binding capacity, “water-
accelerated” polymerization was used to increase the chain
length of the second layer for providing large available bind-
ing sites for IgG conjugation. As seen in FIG. 8A, after the
re-initiation from the first layer prepared from 100% metha-
nol containing 2 uM of TED, the thicknesses of the second
layers were measured and found to increase with the water
content relative to MeOH in the reaction solvent. The surfaces
were subsequently reacted with EDC/NHS mixture for 7 min
followed by flowing anti-TSH IgG solution for 20 min. The
results show that the binding capacities were dependent on
the thicknesses of the second layers (FIG. 8A). Moreover, the
degree of conversion from carboxyl groups to NHS esters in
pCB brushes was mediated by the EDC/NHS reaction time
(FIG. 8B). The binding capacity for IgG on the two-layer
structured pCB film increased to 1312.2 ng cm™ after 30 min
activation, which is more than five times more than that onthe
one-layer pCB film.

[0190] AFM in the tapping mode was used to examine the
surface morphology of the two-layer pCB films before and
after IgG functionalization. The image of the pristine pCB
film with a scale of 1 umx1 um showed featureless morphol-
ogy, whereas there were enormous bumps observed on the
IgG functionalized pCB, as an evidence of the high density of
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immobilized IgG molecules. Therefore, this approach to
build up a hierarchical structure of pCB film enables the
accommodation for a large amount of biomolecules through
conventional EDC/NHS amine coupling chemistry and pos-
sesses possibility to manipulate the chain density of the sec-
ond pCB layer for customizing specific requirements, such as
considerations on ligand and antigen sizes.

[0191] For biosensor applications, an appropriate design of
bio-interfaces should be capable of improving the sensitivity
and specificity of detection. In the following description, the
film with “one-layer” structure is referred to the one fabri-
cated in 100% MeOH without TED addition (d1st=10.9+0.7
nm; I'=262.5+0.8 ng cm~2, FIG. 7B). For the “two-layer”
binding platform, the first layer was prepared from 100%
MeOH with 2 uM TED and the second layer was re-grown in
the solvent with a volume ratio of MeOH:H,0=10:90 with 30
min UV radiation (d1st=11.120.6 nm; d2nd=35.7+1.3 nm;
I'=773.2£55.9 ng cm >, FIG. 8A). Functionalization of TSH
IgG on both one-layer and two-layer binding platforms was
conducted via EDC/NHS activation for 7 min and allowing
the 20 min reaction with IgG molecules. To verify to the
performance of the constructed “two-layer” pCB binding
platform for biosensing in complex media, the undiluted
plasma was flowed over surfaces with and without the IgG
functionalization for 10 min and then rinsed with PBS to
remove unbound molecules. As shown in FIG. 9A, the fouling
levels were both below 5 ng cm™. Again, the fouling resis-
tance of the “two-layer” binding platform can be attributed to
the excellent nonfouling capability of the densely packed first
pCB layer. The binding capacities of the two-layer pCB films
was evaluated for TSH antigens dissolved in PBS at a con-
centration of 1 ug mL " and the bioactivity of conjugated IgG
molecules, which is defined as the mole ratio of captured TSH
antigens to immobilized IgG molecules. The binding plat-
form with “one-layer” structure was present in parallel for a
comparison. In FIG. 9B, the TSH binding capacity on “two-
layer” pCB films was increased by 3.1 with respect to that on
“one-layer” film. The bioactivities on one-layer and two-
layer films were quite comparable. This observation reflects
the fact that the high surface density of the bound IgG mol-
ecules in pCB brushes did not significantly hamper the
approach of antigens, which is consistent with works using
3D carboxymethylated dextran-based binding matrix.

[0192] SI-ATRP Methods

[0193] In another embodiment, the invention provides a
polymer film having two layers (i.e., a high density ultra low
fouling first layer and a low density second layer suitable for
presenting recognition elements) prepared via surface initi-
ated atom transfer radical polymerization (SI-ATRP) tech-
niques.

[0194] Thetwo-layer architecture for films of the invention
for sensing and detection in complex media is shown in FIG.
10. SI-ATRP was used due to its ability to provide excellent
control over polymer growth. Additionally, the “living” char-
acteristic enabled by the reversible equilibrium between
active and dormant species allows the formation of block
copolymers due to the presence of initiating species, which
cap the chain ends once the polymerization is stopped. The
use of solvent conditions, which provide high density poly-
mer brushes with minimal chain-chain termination and
quenching (spiking the reaction solution with a high concen-
tration of deactivator (e.g. CuBr,), provides the maximum
number of re-initiating sites near the outermost surface of the
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swollen layer, which is highly desired for obtaining sufficient
control over the polymer density of the second block.

[0195] As shown in FIG. 10, the concentration of re-initi-
ating groups (i.e., bromines) on the surface can be reduced by
reacting with an aqueous sodium azide solution. This termi-
nation forms a stable azide group, which remains dormant
and non-reactive as the second polymerization takes place.
Both the concentration and reaction time of sodium azide will
affect the degree of termination resulting in surfaces, which
are low, moderately, or highly substituted with azide moi-
eties. If the substitution is low then the most chains will just
re-initiate and maintain the relative high density resulting in
only monolayer antibody coverage. For the chains to grow
vertically they need to be close enough together, if they are
too dilute, then the chains will preferentially grow laterally in
amushroom configuration. In this highly substituted and very
dilute case, the second layer is thin, consisting of a small
number of long chains with minimal surface area for antibody
immobilization, which also results in low loading. Therefore,
in order to achieve high antibody binding capacity, a moder-
ate amount of substitution is desired. In this scenario, the
chains will be close enough to be obliged to grow vertically,
but dilute enough so as to maximize the surface area for
achieving high protein functionalization and enable sufficient
diffusion to reactive NHS-esters. It is also important to note
that a second layer with moderate substitution can actually
grow longer than single layer with low substitution. This is
due to a reduction in radical recombination in the former as a
result of more space between the growing polymer chains.

[0196] Thin (about 10 nm) and highly dense pCB films can
be made via SI-ATRP from pure methanol as the solvent can
maintain ultra low fouling properties to undiluted serum. The
ability to minimize the final thickness of the two-layer film in
a swollen in situ environment is crucial for SPR detection.
This is due to a rapid decrease in sensitivity as the measured
biomolecular interaction gets further from the SPR active
gold layer. For this reason, pure methanol was chosen as the
condition for the bottom layer. Different reaction times (0.5-
24 hrs) were investigated for growing the second block,
which used a 50/50 methanol/water solvent. It was found that
a 24 hour reaction resulted in the thickest second layer, the
highest antibody immobilization, and excellent functional-
ized and non-functionalized protein resistance to undiluted
serum. The response to antigen was similar for all reactions
greater than 1 hour, with bioactivity ratios (i.e., the molar ratio
of antigen to antibody) all being about 1.0. The 24 hours
reaction enabled the same level of antibody immobilization
achieved from a single layer grown from a 50% methanol
solution. However, the post-functionalized serum non-foul-
ing of the two-layer film (<5 ng/cm?) was better than the
single layer film (about 15 ng/cm?) proving the effectiveness
of the two-layer architecture. A first layer made using 50%
water was also prepared. However, this condition was very
difficult to control, even with short reaction times on the order
of'a few minutes, resulting in the final second layer polymer
structure being mostly determined by the rapid polymeriza-
tion of the bottom layer. Furthermore, simply spiking solu-
tions grown from a first layer of either 50% water or in pure
methanol with a high concentration of monomer dissolved in
pure water was also not found to be effective.

[0197] The affect of azide treatment on the second layer
polymer thickness and corresponding antibody immobiliza-
tion for two different solvent conditions is shown in Table 2
and FIG. 11, respectively. Due to the significant influence of
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water content on the polymer density of SI-ATRP films, two
conditions were used for evaluation of azide exposure time. A
10% and 50% water content was chosen for slower (more
controlled) and faster (less controlled but more polydisperse)
polymerizations, respectively. Both conditions resulted in the
expected trends as discussed above for FIG. 10. Reducing the
concentration of re-initiating species lead to an increase in the
film thickness which then decreased as the chains became
more and more dilute. It was observed that as the second layer
thickness increased, the antibody immobilization also
increased. This indicates that the moderately diluted second
layer has more surface area (i.e. more accessible NHS-esters)
for protein attachment. However, as the chains become more
dilute, the available surface area decreases along with the
immobilization. As shown in the FIG. 11, the highest level of
immobilization achieved was about 440 ng/cm?, which was
more than twice than that achieved for a single layer film
grown from pure methanol (about 200 ng/cm?).

TABLE 2

Effect of azide treatment on the second layer polymer thickness
for second blocks grown from 10% and 50% water content.

Second Layer Second Layer
Azide Exposure Time Thickness [nm] Thickness [nm]
[min] (10% Water) (50% Water)
0 4.6=1.7 5.6=x1.1
15 8815 34+04
30 3.1+05 6.8+0.1
60 1701 13.8£04
120 25£05 9.9£07

[0198] The saturated antigen response for azide exposure
times of 0, 60, and 120 min for films made using a 10% and
50% water second layer is shown in FIG. 12. The relatively
low antibody loading for the 10% water condition for all
exposure times resulted in an effective monolayer of antibody
and thus gave very similar responses. As expected for the two
layer films made using a 50% water content second layer, the
lowest level of immobilization also provides the smallest
amount of antigen binding. However, the result for 60 min is
much less than that for 120 min despite the higher level of
antibody binding for the former. For these experiments, PBS
spike with 1 pg/ml. TSH was flowed over the surface for 10
min. For all experiments except this 60 min one, the 10 min
was sufficient to nearly saturate the antigen binding. Thus,
while the result for this case shown in FIG. 12 does not
represent the saturated value, which would likely be larger, it
does indicate that the polymer density of the second block is
higher relative to the 120 min exposure time. This indicates
that the ability of the antigen to diffuse through the film was
more restricted compared to the 120 min film, which would
be expected as the azide substitution reaction time increases.

[0199] The non-specific protein adsorption from undiluted
human serum as a function of azide exposure time is shown in
FIG. 13. All cases except the 1 hour azide time with a second
layer grown from a 10% water solvent resulted in excellent
functionalized and non-functionalized protein resistant prop-
erties with most being at or below ultra low fouling levels.
This also indicates that the azide moiety itself does not affect
the protein resistant properties of the film. The one exception
with high fouling can be explained as a highly substituted film
with long polymer chains. The SPR sensor-gram for this film
(second layer 10% water content) shows a significant and
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rapid binding during the antibody immobilization step. How-
ever, contrary to the typical SPR sensor-grams for the two-
layer films (50% water content), a much larger decrease was
observed during the deactivation step. Zwitterionic pCB films
take on a slight positive charge following EDC/NHS activa-
tion. This would force the long and dilute chains to extend
from the surface due to charge-charge repulsion. At a pH of
7.5, anti-TSH maintains a partial negative charge. Thus, the
charge interaction between the surface and protein result in an
accumulation of antibody near the surface. But, the limited
surface area of the dilute polymer chains prevents most of the
protein from being covalently bound. Upon deactivation, the
surface regains its zwitterionic backbone and as a result the
proteins are washed away. This particular conformation of
polymer chains can increase the hydrophobicity of the sur-
face by exposure more of the polymer backbone and thereby
lead to an increase in fouling. However, these long and dilute
chains also lead to very fast antibody saturation of the surface
due to the ease of accessibility. Regardless, the combined
result of the significant increase in the antigen response for
films made using 50% water, with ultra low fouling proper-
ties, indicates that this architecture could dramatically posi-
tive influence on diagnostic devices.

[0200] Due to the ability of the water concentration to sig-
nificantly affect the polymer density of the ATRP reaction, the
concentration of water was varied from 0-90% for a one hour
azide treatment (the condition which enabled the highest
antibody immobilization). The functionalized and non-func-
tionalized serum fouling, antibody immobilization, and anti-
gen response are shown in FIG. 14. A peak of the antibody
immobilization was found for the 50% water condition. Fur-
ther investigation of these films by calculating the polymer
volume fraction (PVF) in PBS (i.e., the wet polymer density)
found that this particular condition had an effective PVF of
about 25% where as all others films except for the 0% water
second layer, had a PVF of about 43%.

[0201] The corresponding second block film thicknesses
for each condition are shown in Table 3. The two-layer films
made from 20-50% water all resulted in excellent non-fouling
properties, had the highest level of immobilization, and also
had the highest thickness. It is believed that the two-layer
films made from 0% water content grow a very small second
layer due to the limited solubility of the highly dense first
layer polymer brush in pure methanol resulting in few poly-
mer chains actually being reinitiated. Additionally, the sig-
nificantly low level of immobilization (about 100 ng/cm?)
indicates that very few functionalizable groups are acces-
sible. This could mean that physically absorbed polymer is
covering the surface, interacting via charged intermolecular
interactions, resulting in a significant presence of the hydro-
phobic acrylamide backbone being exposed on the surface.
The 60% water condition resulted in a similar SPR response
as for the 10% water case, thus likely being described by the
same phenomena (long and dilute chains), but also with an
increase in chain-chain termination reactions which reduced
the effective area for immobilization and also lead to expo-
sure of the hydrophobic backbone of the polymer. The 90%
water result is likely attributed to a significant presence of
radical recombination reactions with the same negative con-
sequences as for the film made using 60% water. With an
exception of the two extreme endpoints (0% and 90% water),
the similar antigen response for the other water concentra-
tions corresponds with the expected results from 2D surfaces,
with the 50% case simply having a low rate of diffusion as
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discussed above. The two endpoints have the expected
response for a 2D surface with low antibody immobilization.

TABLE 3

Second layer films thicknesses as a functional of the polymerization
water concentration using a one hour azide treatment.

Second Layer Thickness [nm]

ATRP Water Content [%] (1 hr Azide)

0 09£03
10 1701
20 13.2+1.0
40 11.8£1.0
50 13.8£04
60 29=+13
90 1.1=0.1

[0202] In certain embodiments, the films of the invention
having two-layer architecture with zwitterionic dual-func-
tional pCB were made via SI-ATRP. Exposing the dense
bottom layer to a sodium azide solution to reduce the number
of re-initiating sites was effective to double the antibody
immobilization all while maintaining ultra low fouling prop-
erties to undiluted human serum. Changing the second block
polymer density also resulted in a significant increase in the
antigen response. These ideal properties of pCB integrated
with the two-layer architecture offer the ability to signifi-
cantly improve detection abilities from undiluted complex
media.

[0203] Eachreferences cited is incorporated by reference in
its entirety.
[0204] As used here the term “about” means+5 percent of

the recited value.

[0205] The following examples are provided for the pur-
pose of illustrating, not limiting, the invention.
EXAMPLES
Example 1

The Preparation, Characterization, and Properties of
Representative Polymer Films

Polycarboxybetaine Films by SI-PIMP and SI-ATRP

[0206] In this example, the preparation, characterization,
and properties of representative polymer films of the inven-
tion, polycarboxybetaine (pCB) films prepared by SI-ATRP,
are described.

[0207] Materials.

[0208] Copper (I) bromide (99.999%), 2,2'-bipyridine
(BPY, 99%), tetrahydrofuran (THF), tetraethylthiuram disul-
fide (TED), methanol, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), and phosphate buffered
saline (PBS, 0.01 M phosphate, 0.138 M sodium chloride,
0.0027 M potassium chloride, pH 7.4) were purchased from
Sigma-Aldrich (St. Louis, Mo.). Ethanol (200 Proof) was
purchased from Decon Laboratories (King of Prussia, Pa.).
Sodium carbonate anhydrous was purchased from EMD
Chemicals (Darmstadt, Germany). Sodium chloride (NaCl)
and ether were purchased from J. T. Baker (Phillipsburg,
N.J.). Sodium acetate anhydrous was purchased from Fluka
(subsidiary of Sigma Aldrich, St. Louis, Mo.). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from
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Acros Organics (Geel, Belgium). Pooled human serum was
purchased from Biochemed Services (Winchester, Va.). Anti-
body to thyroid stimulating hormone (anti-TSH) and the TSH
antigen were purchased from ThermoFisher Scientific
(Waltham, Mass.). Water used in the experiments was puri-
fied using a Millipore water purification system with a mini-
mum resistivity of 18.2 MQ cm.

[0209] Preparation of pCB films via SI-ATRP.

[0210] Mercaptoundecyl bromoisobutyrate (SI-ATRP ini-
tiator) and carboxybetaine acrylamide (CB) monomer were
synthesized as described inJ. E. Krause, N. D. Brault, L.. Y. Li,
H. Xue, Y. B. Zhou, S.Y. Jiang, Macromolecules 2011, 44,
9213-9220, and 7. Zhang, H. Vaisocherova, G. Cheng, W.
Yang, H. Xue, S.Y. Jiang, Biomacromolecules 2008, 9, 2686-
2692. SAMs on cleaned SPR chips (Z. Zhang, S. F. Chen, Y.
Chang, S. Y. Jiang, J. Phys. Chem. B 2006, 110, 10799-
10804) of ATRP initiator were formed by soaking overnight
in ethanol (0.1 mM). Upon removal, the chips were rinsed
with ethanol, THF, ethanol, and then dried and placed in a
custom glass tube reactor under nitrogen. In a separate glass
tube, CuBr (8.86 mg), 2,2'-bipyridine (57.85 mg), and CB
(600 mg) were added and placed under nitrogen. The solids
were dissolved in nitrogen purged methanol (4 mL.) and trans-
ferred to the chips and reacted for 24 hours at 25° C. in a
shaker bath. For single layer films, the chips were rinsed with
water and stored overnight in PBS. For hierarchical films, the
solution was quenched with CuBr, (275.87 mg) in methanol
(4 mL) and then rinsed with methanol, water, and submerged
in PBS. The second block was then grown via repeating the
above procedure but using a nitrogen purged methanol:water
(1:1) and reacting for 3 hours. Termination of bromine groups
and replacement with non-reactive azide moieties for reduc-
ing the second block polymer density was achieved by sub-
merging the single layer chips in an aqueous azide solution
(0.1 M) for 2 hours, removing and rinsing with PBS, water,
and then drying for ATRP.

[0211] The DTCA photoiniferter was synthesized as
described in T. Otsu, Journal of Polymer Science Part a-Poly-
mer Chemistry 2000, 38, 2121-2136. SAMs on cleaned SPR
chips (Z. Zhang, S. F. Chen, Y. Chang, S.Y. Jiang, J. Phys.
Chem. B 2006, 110, 10799-10804) of the photoiniferter were
formed by soaking overnight in THF containing DTCA (2
mM) followed by rinsing with THF and drying with a stream
of air. For single layers, the photoiniferter modified chip was
transferred to a quartz reaction tube along with 170 mg of CB
monomer and placed under nitrogen. Nitrogen purged metha-
nol (5 mL) containing TED (2 uM) was transferred to the
reaction tube. The photo-polymerization was then conducted
for 30 min using a UV lamp (302 nm) coupled with a 280 nm
cutoff filter for preventing deterioration of thiol-gold bonds.
Following the reaction, the chips were removed and rinsed
with water, PBS, and then submerged in PBS. For the hierar-
chical films, the single layer film was re-initiated using the
identical procedure except for the using nitrogen purged
methanol:water (10:90) in the absence of TED.

[0212] Ellipsometry.

[0213] The thickness of the pCB films were determined
using an ellipsometer (Model alpha-SE, J. A. Woollam, Lin-
coln, Nebr.) using the 380-900 nm wavelength range at an
incidence angle of 70°. The results were fitted to a Cauchy
module.
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[0214] Non-Specific Protein Adsorption, Antibody Modi-
fication, and Antigen Detection.

[0215] The non-specific adsorption, antibody immobiliza-
tion, and antigen detection was monitored using a four-chan-
nel SPR sensor with the Kretschmann configuration and
wavelength modulation as described in H. Vaisocherova, W.
Yang, Z. Zhang, 7. Q. Cao, G. Cheng, M. Piliarik, J. Homola,
S. Y. Jiang, Anal. Chem. 2008, 80, 7894-7901. SPR chips
were made of a glass slide coated with titanium (2 nm) fol-
lowed by gold (48 nm) using an electron beam evaporator. A
1 nm SPR wavelength shift corresponded to a change in the
protein surface coverage of 17 ng cm™2, which was corrected
to account for loss of sensitivity due to the polymer films
using previously described methods (W. Yang, H. Xue, W. Li,
J.L. Zhang, S.Y. Jiang, Langmuir 2009, 25, 11911-11916; J.
Homola, Surface Plasmon Resonance Based Sensors;
Springer-Verlag: Berlin, Germany, 2006). For fouling experi-
ments, undiluted human serum or plasma were injected (10
min, 40 plL min-1) and the wavelength shift between PBS
baselines was converted to a surface coverage. Anti-TSH was
immobilized by first injecting 10 mM sodium acetate (SA, pH
5) followed by EDC/NHS (0.2 M/0.05 M in water) for 7 min
at30 uL min-1. Anti-TSH (50 pg mL-1 in 10 mM HEPES pH
7.5) was injected (20 min, 20 pL. min-1) followed by deacti-
vating with 10 mM sodium carbonate containing 300 mM
sodium chloride (pH 10) for 10 min and the SA both at 30 uL.
min-1. Immobilization was calculated as the difference
between SA baselines before IgG injection and after deacti-
vation. TSH was antigen binding was then monitored by first
injecting PBS and then antigen (1 ug mL~" in PBS at 40 uL
min™) following by PBS.

Example 2

The Preparation, Characterization, and Properties of
Representative Polymer Films

Polycarboxybetaine Films by SI-PIMP

[0216] In this example, the preparation, characterization,
and properties of representative polymer films of the inven-
tion, polycarboxybetaine (pCB) films prepared by SI-PIMP,
are described.

[0217] Materials.

[0218] Solvents including acetone, methanol (MeOH) and
tetrahydrofuran (THF) at the highest available purity were
obtained from Sigma-Aldrich (Milwaukee, Wis.). CB mono-
mer and photoiniferter (N,N-(diethylamino)-dithiocarbam-
oylbenzyl(trimethyoxy)thiol (DTCA)) were synthesized by
literature methods. Fibrinogen, lysozyme, tetraethylthiuram
disulfide (TED), N-hydroxysuccinimide (NHS) and ethyl
(dimethylaminopropyl) carbodiimide (EDC) were obtained
from Sigma-Aldrich. Human thyroid stimulating hormone
(TSH) antibody and antigen were from Thermo Scientific
(Waltham, Mass.). Deionized water with minimum resistivity
of' 18.0 MQ cm used in the experiment was from a Millipore
water purification system (Billerica, Mass.). The buffers
including 150 mM phosphate buffered saline (PBS)atpH 7.4,
10 mM sodium acetate buffer (SA) at pH 5.0, 10 mM sodium
carbonate buffer (SC) with 300 mM NaCl at pH 10 and 10
mM HEPES at pH 7.5 were prepared for biomolecular con-
jugation and bioassay. The pH values were adjusted with HCI
or NaOH. The buffers were degassed prior to use. Human
plasma used for challenging the surface coatings were pur-
chased from BioChemed Services (Winchester, Va.).
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[0219] Preparation of Polymer Brushes Via Photoiniferter-
Mediated Polymerization (PIMP).

[0220] The UV-ozone cleaned SPR chip was immersed in
THF containing 2 mM DTCA at room temperature for 24 hin
order to form a self-assembled monolayer (SAM) of photo-
iniferter, followed by intensive rinsing with THF and drying
with a stream of filtered air. The photoiniferter modified chip
was transtferred to a quartz reaction tube containing 170 mg of
CB monomers and TED molecules with different concentra-
tions for growth of the first pCB layer. The reaction tube was
placed under nitrogen protection, sealed with a rubber septum
and wrapped with parafilm. The solvents used were deoxy-
genated with a continuous stream of dry nitrogen for more
than 30 min, and then 5 mL of MeOH was transferred to the
reaction tube using a syringe under nitrogen protection. The
photo-polymerization was conducted by means ofa UV lamp
emitting light at 302 nm coupled with 280 nm cutoff filter in
order to avoid the deterioration of thiol-gold bonds. 31 After
the 30 min UV exposure, the chips were removed and rinsed
with water and PBS to remove loosely bound polymers. For
the re-growth of pCB for the second layer, the preparation
method was the same as that for the first layer, but the TED
was not needed and the water content in the solvents was
adjusted to optimize the thickness of the films.

[0221] Ellipsometry.

[0222] The dry thicknesses (d) of pCB was determined
using an ellipsometer (model alpha-SE, J. A. Woollam, Lin-
coln, Nebr.) with a light source with wavelengths ranging
from 380 to 900 nm at a fixed incident angle of 70°. The
thickness measurements were taken on six spots on each
sample. The results were analyzed using a Cauchy model.
The refractive index of polymer films was around 1.5.
[0223] SPR Measurements.

[0224] A four-channel SPR sensor was used (H. Vaisoch-
erova, W. Yang, 7. Zhang, 7. Cao, G. Cheng, M. Piliarik, J.
Homola, S. Jiang, Analytical Chem., 80, 7894 (2008)).
Briefly, the SPR sensor, based on the Kretschman configura-
tion, detects the changes of the refractive index arising from
the molecular adsorption at the sensor chip surface. The sen-
sor chip was washed with PBS and water and dried with a
stream of air. On the glass side of the chip a drop of the
refractive index matching liquid (Cargille, Cedar Grove, N.J.)
was placed and then attached onto the base of the prism. The
flow cell was mounted on the chip and filled with the buffer by
a peristaltic pump (Ismatec, Vernon Hills, Il1.). A baseline
signal was established by flowing PBS at a flow rate of 30 uL.
min~' over the chip surface for 20 min. For the fouling test,
undiluted blood serum and plasma were flowed over the chip
at a flow rate of 30 uL min~" for 10 min, followed by PBS
washing. For quantitative estimation of surface mass cover-
age with the SPR sensor operating at a resonant wavelength of
around 750 nm, a 1 nm SPR wavelength shift represents a
change in the protein surface coverage of 17 ng cm™2. The
signal calibration and the estimation for surface mass cover-
age (I') are described in Yang, W.; Xue, H.; Li, W.; Zhang, J.
L.; Jiang, S.Y. Langmuir 2009, 25, 11911; and Vaisocherova,
H.; Zhang, 7.; Yang, W.; Cao, Z. Q.; Cheng, G.; Taylor, A. D.;
Piliarik, M.; Homola, J.; Jiang, S. Y. Biosens. Bioelectron.
2009, 24, 1924.

[0225] Protein Modification and Bioassay for TSH Hor-
mone.
[0226] The functionalization of pCB layers with TSH anti-

bodies through EDC/NHS coupling chemistry was in situ
monitored by means of the SPR sensor. SA buffer was flowed
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over the surface to swell the polymer and to establish the
baseline for 20 min. The activation reagent, EDC/NHS mix-
ture in water with a molar ratio of 0.2 M/0.05 M, was intro-
duced at a flow rate of 30 uL. min~! for 7 min, followed by 5
min flushing of SA buffer to flow away unreacted EDC/NHS
chemicals. HEPES bufter spiked with TSH antibodies at a
concentration of 50 ug mL~" was flowed through the channel
at a flow rate of 20 pL. min~" for 20 min. Afterwards, the
unreactive groups were hydrolyzed to recover to carboxyl
acid groups by washing with basic SC buffer at a flow rate of
30 uL min~" for 10 min, followed by SA buffer. The binding
capacity was estimated as the surface mass changes before the
IgG injection and after hydrolysis in SA buffer.

[0227] The detections for TSH antigens spiked in PBS at a
concentration of 1 ng mL~" were performed after TSH IgG
functionalization on pCB layers. Prior to and after the assay,
PBS buffer was flowed over the polymer surfaces for 20 min.
Samples containing TSH antigens were introduced into the
channels of the flow cell at a flow rate of 30 uL min~! and
flowed until the binding curve reached a plateau.

[0228] Atomic Force Microscopy (AFM) Imaging.

[0229] The pCB films with and without IgG functionaliza-
tion on SPR chips were dried with a stream of filter air and
attached onto the AFM sample holder. The AFM secondo-
graphic images were taken in a taping mode using a Dimen-
sion 3100 AFM (Digital Instruments/Veeco, Woodbury,
N.Y.). Noncontact silicon cantilevers with a resonant fre-
quency of 315 kHz and a force constant of 48 N m~! (Mikro-
Masch, Tallinn, Estonia) were used.

Example 3

The Preparation, Characterization, and Properties of
Representative Polymer Films

Polycarboxybetaine Films by SI-ATRP

[0230] In this example, the preparation, characterization,
and properties of representative polymer films of the inven-
tion, polycarboxybetaine (pCB) films prepared by SI-ATRP,
are described.

[0231] Materials.

[0232] Copper (I) bromide (99.999%), 2,2'-bipyridine
(BPY, 99%), tetrahydrofuran (THF), methanol, 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
phosphate buffered saline (PBS, 0.01 M phosphate, 0.138 M
sodium chloride, 0.0027 M potassium chloride, pH 7.4) were
purchased from Sigma-Aldrich (St. Louis, Mo.). Ethanol
(200 Proof) was purchased from Decon Laboratories (King of
Prussia, Pa.). Sodium carbonate anhydrous and sodium azide
were purchased from EMD Chemicals (Darmstadt, Ger-
many). Sodium chloride (NaCl) and ether were purchased
from J. T. Baker (Phillipsburg, N.J.). Sodium acetate anhy-
drous was purchased from Fluka (subsidiary of Sigma Ald-
rich, St. Louis, Mo.). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinim-
ide (NHS) were purchased from Acros Organics (Geel, Bel-
gium). Pooled human serum was purchased from Biochemed
Services (Winchester, Va.). Antibody to thyroid stimulating
hormone (anti-TSH) and the TSH antigen were purchased
from ThermoFisher Scientific (Waltham, Mass.). Water used
in the experiments was purified using a Millipore water puri-
fication system with a minimum resistivity of 18.2 MQ cm.
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[0233] Synthesis of Carboxybetaine Acrylamide (CBAA)
Monomer.
[0234] (3-Acryloylamino-propyl)-(2-carboxy-ethyl)-dim-

ethyl-ammonium (CBAA) was synthesized by reacting 48
ml of DMAPA with 25 g of -propiolactone in 400 mL of
anhydrous acetone at 0° C. under nitrogen protection. After
removing the ice bath at 20 minutes, the solution was allowed
to warm up to room temperature. After 6 hours, the product
was filtered, washed with ether, and allowed to dry under
vacuum. The rough product, a white precipitate, was re-dis-
solved in a 30% (v/v) triethylamine in methanol solution and
stirred overnight. After concentrating the solution, the CBAA
was precipitated with acetone and then filtered. The solids
were suspended in acetone and ether, for 1 hour each, dried
under vacuum, and then stored at 4° C. Yield: 61%. "H NMR
(Bruker 500 MHz, DMSO-d6): 8.61 (t, 1H, N—H), 6.28 (t,
1H, CHH—CH), 6.13 (t, 1H, CHH—CH), 5.61 (t, 1H,
CHH—CH), 3.44 (t, 2H, N—CH2-CH2-COO0), 3.21 (m, 4H,
NH—CH2-CH2-CH2), 2.97 (s, 6H, N—(CH3)2), 2.25 (t,
2H, CH2-COO0), 1.87 (t, 2H, NH—CH2-CH2-CH2).

[0235] Preparation of Two-Layer PolyCBAA Films.
[0236] SPR sensor chips coated with ATRP initiator self-
assembled monolayers were prepared by soaking the gold-
coated substrates into 1 mM mercaptoundecyl bromoisobu-
tyrate in pure ethanol for 24 hours. The chips were then
removed, rinsed with ethanol, THF, and ethanol, and the
blown dry using filtered compressed air and placed into a
custom glass tube reactor for ATRP. In a separate glass tube,
8.86 mg CuBr, 57.85 mg 2,2'-bipyridine (BPY), and 600 mg
of CBAA were added. Both tubes were then placed under
nitrogen protection. Nitrogen purged methanol (4 mL.) was
then added to the solids. Once completely dissolved (about 15
min), the mixture was then transferred to the reactor tube
under nitrogen protection and allowed to react for 24 hours at
25° C. in a shaker set to 120 rpm. The reaction was removed
and quenched with a solution containing methanol (4 ml.)
and CuBr, (275.87) in order to maintain the maximum num-
ber of surface terminal bromine grown polymer chains. After
mixing for two minutes, the chips were rinsed with methanol,
water, and then submerged in PBS.

[0237] The second polymer block was then grown by
repeating the above ATRP procedure and adjusting only the
solvent ratio between nitrogen purged methanol and water in
the final reaction mixture. For the re-initiated polymerization
was allowed to react for 3 hours at 25° C. in a shaker set to 120
rpm. Following the reaction the chips were rinsed with copi-
ous amounts of water and then submerged overnight in PBS.
In order to terminate bromine groups on the surface and
replace them with non-reactive azide moieties to further
reduce the polymer density of the second block, the chips
were submerged in an aqueous solution of sodium azide (6.5
mg/ml) and mixed at room temperature. After a specific time,
the chips were removed, dipped in PBS, rinsed with water,
dried, and the placed into the custom tube reactor for re-
initiating ATRP.

[0238] SPR Sensor, Chips, and Calibration of the Surface
Sensitivity.
[0239] A laboratory SPR sensor developed at the Institute

of Photonics and Electronics, Prague, Czech Republic was
used as described in H. Vaisocherova, W. Yang, 7. Zhang, 7.
Cao, G. Cheng, M. Piliarik, J. Homola, S. Jiang, Analytical
Chem., 80, 7894 (2008). The SPR is based on the attenuated
total reflection method and wavelength modulation. It is
equipped with a four-channel flow-cell, temperature control,
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and uses a peristaltic pump for delivering samples. SPR sen-
sor chips were made of a glass slide coated with an adhesion-
promoting titanium film (about 2 mm) followed by a gold film
(about 48 nm) using an electron beam evaporator. Because the
SPR sensitivity depends on the distance of the binding event
from the SPR active surface, the sensor response due to the
polymer films was calibrated as described in H. Vaisocherova
et al., 2008 (above).

[0240] Determination of Polymer Film Thickness, Refrac-
tive Index, and Polymer Density.

[0241] Dry and wet film thickness and refractive index (RI)
measurements were determined using a multi-wavelength
ellipsometer (J. A. Woollam Co., Inc., Model alpha-SE). A
liquid cell with a volume of 0.5 mL supplied by the manufac-
turer was used for obtaining the wet measurements. The data
was analyzed via fitting a Cauchy model for a bare SPR
substrate which enables the film thickness and refractive
index to be simultaneously determined without using prede-
termined or assumed Cauchy coefficients. The wet and dry
refractive index measurements were then used with the effec-
tive medium approximation for calculating the film polymer
volume fraction, PVF, (i.e., the wet polymer density)

[0242] Measurements of Non-Specific Protein Adsorption
by SPR.
[0243] The non-specific protein adsorption of the pCBAA

polymer films formed via SI-ATRP was determined with a
SPR biosensor using a flow rate of 50 ul./min at 25° C. After
first establishing a baseline using PBS, undiluted human
serum was flowed for 10 minutes, followed by buffer to
reestablish the baseline. Protein adsorption was quantified as
the difference between buffer baselines and converted to a
surface coverage using the appropriate sensitivity factor.
[0244] In Situ Functionalization of pCB Polymer Surfaces.
[0245] The functionalization procedure was monitored
step-by-step in real time using an SPR sensor at 25° C.
Sodium acetate buffer (10 mM) at pH 5.0 (SA) was first
injected at 30 ul./min to obtain a stable baseline. The carboxy-
late groups of the polymer surface were then activated by
flowing a freshly prepared solution of 0.05 M NHS and 0.2 M
EDC in water for 7 minutes. Followed by a brief injection of
SA buffer, a solution of anti-TSH (50 pg/mL) in HEPES
buffer (pH 7.5) was flowed over the activated surface for 20
minutes at 20 ul./min. Subsequent washing of the function-
alized surface for 10 minutes with 10 mM sodium carbonate
(pH 10) containing 0.3 M NaCl (SC) at 30 ul./min removed
non-covalently bound ligands and deactivated residual NHS-
esters. SA buffer was then used to reestablish a stable base-
line. The amount of immobilized antibodies was determined
as the different between the SA injection following EDC/
NHS activation and the final baseline.

[0246] Measurements of Post-Functionalized Non-Fouling
and Specific Protein Activity.

[0247] Following antibody immobilization, the pCBAA
surface was washed with PBS buffer until a steady baseline
was established at 50 pul./min and 25° C. For post-function-
alized non-fouling, undiluted human blood serum was then
injected for 10 minutes followed by PBS for an additional 15
minutes. The net adsorption was calculated as the difference
between buffer baselines and converted to a surface coverage.
Specific antigen detection was compared by measuring the
response at saturation for each polymer film. After establish-
ing an initial buffer baseline, PBS spiked with TSH at 1000
ng/ml. was flowed through sensor for 10 minutes followed by
buffer. The saturated antigen binding was calculated as the
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difference between the original buffer baseline and the maxi-
mum response which was then converted to a surface cover-
age.

Example 4

Packing Density of Representative Zwitterionic
Polymer Brushes

Refractive Index

[0248] Inthis example, the effects of chain packing density
on protein resistance properties of surface-initiated polymer
brushes as measured by refractive index are described.
[0249] Polymer brushes can theoretically be described via
chain lengths and chain-to-chain distances. Practically, ellip-
sometry is often used to measure the film thickness, which has
been correlated to ultra low fouling properties of polymer
brushes to undiluted human blood plasma and serum. How-
ever, ellipsometry also calculates an additional parameter, the
film refractive index (RI). This film RI can be used to char-
acterize the polymer density, but is often overlooked in prac-
tice. The film RI may be an even more important parameter
for identifying nonfouling polymer films. By varying the
water content in the surface-initiated atom transfer radical
polymerization (SI-ATRP) of zwitterionic carboxybetaine,
protein resistance to undiluted human serum was determined
to be strongly dependent on the film RI. A minimum value of
about 1.5 RI units was necessary to achieve <5 ng/cm?® of
protein adsorption, measured using a surface plasmon reso-
nance biosensor.

[0250] The swelling behavior of a film, determined as the
ratio of wet and dry thicknesses, is one approach to study
polymer density. Tightly packed polymer brushes in a good
solvent will swell less than lower density brushes. These
tightly packed films have high extension in the dry state and
significant further extension is limited upon swelling. Ellip-
sometry also calculates an additional parameter, the film
refractive index (RI). This film RI can be used to characterize
the polymer density, but is often overlooked in practice.
Because the RI measurements of films account for two fac-
tors, the medium (e.g., air, RI of about 1.0) as well as the
material itself (e.g., proteins, RI of about 1.53), the Rl of a
polymer film will increase with density. Importantly, the RI
can be measured in the dry state, thus offering a convenient
and simple approach for film characterization.

[0251] SI-ATRP was used to investigate a parameter
capable of characterizing and predicting ultra low fouling
properties of pPCBAA films. SI-ATRP is a controlled radical
polymerization that enables the formation of polymer brushes
with low polydispersity, high density, and a desired thickness.
It is based on the equilibrium reaction between activated
propagating chains and those that have been capped by a
deactivating complex. The highly localized and low concen-
tration of immobilized initiators in SI-ATRP (relative to solu-
tion ATRP) is a major challenge for achieving control due to
the low concentration of persistent deactivator which can trap
the propagating radical. The rate of polymerization is highly
dependent upon the ratio of activator to deactivator; reduction
in the latter leads to fast and uncontrolled growth. This
increases the film polydispersity as well as the probability of
irreversible chain-chain termination events thereby affecting
the polymer density. For aqueous ATRP, the water content has
been shown to sharply affect the rate of reaction due to a
significant loss of deactivator, among other side reactions.
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This has previously enabled the use of SI-ATRP with 2-hy-
droxyethylmethacrylate (HEMA) to obtain a peak film thick-
ness at some medium water concentration. Because the poly-
dispersity of a film is related to its polymer density, varying
the content of water during SI-ATRP enables a convenient
approach for studying the effect of film thickness and poly-
mer density on the nonfouling properties of pCBAA brushes.
[0252] Ultra low fouling properties of pCBAA films
formed via SI-ATRP was investigated using surface plasmon
resonance (SPR) biosensors. Protein resistance to undiluted
human serum was studied as a function of the polymer thick-
ness and dry refractive index, the latter representing the poly-
mer density. The results indicated that the nonfouling prop-
erties of pCBAA films were not affected much by the polymer
thickness, but instead were strongly dependent on the RI.
[0253] Materials.

[0254] All chemicals were purchased from Sigma-Aldrich
(St. Louis, Mo.) and Decon Laboratories (King of Prussia,
Pa.). Pooled human serum was purchased from Biochemed
Services (Winchester, Va.).

[0255] Preparation of pCBAA Films.

[0256] UV cleaned SPR sensor chips coated with ATRP
initiator self-assembled monolayers were prepared by soak-
ing in 0.1 mM mercaptoundecyl bromoisobutyrate in pure
ethanol for 24 hours. The chips were then removed, rinsed
with ethanol, THF, and ethanol, and the blown dry using
filtered air and placed into a custom glass tube reactor. In a
separate glass tube, 8.86 mg CuBr, 57.85 mg 2,2'-bipyridine,
and 600 mg of CBAA were added. Both tubes were then
placed under nitrogen protection. Appropriate volumes of
nitrogen purged methanol and water were then added (total
volume was 4 mL) to the solids according to the necessary
solvent ratio. After dissolving the solids (about 15 min), the
mixture was then transferred to the reactor tube under nitro-
gen protection and allowed to react for 3 hours at 25° C.in a
shaker set to 120 rpm. Following the reaction the chips were
rinsed with water and then submerged overnight in PBS.

[0257] SPR Sensor, Chips, and Calibration of the Surface
Sensitivity.
[0258] A laboratory SPR sensor developed at the Institute

of Photonics and Electronics, Prague, Czech Republic was
used as described above. This custom built SPR is based on
the Kretschmann geometry of the attenuated total reflection
method with wavelength modulation and is equipped with a
four-channel flow-cell, temperature control, and uses a peri-
staltic pump for delivering samples. SPR sensor chips were
made of a glass slide coated with an adhesion-promoting
titanium film (about 2 nm) followed by a gold film (about 48
nm) using an electron beam evaporator. Because SPR sensi-
tivity depends on the distance of the binding event from the
SPR active surface, the sensor response due to the polymer
films was calibrated using methods described above.

[0259] Determination of Polymer Film Thickness, Refrac-
tive Index, and Polymer Density.

[0260] Dry and wet film thickness and refractive index (RI)
measurements were determined using a multi-wavelength
ellipsometer (J. A. Woollam Co., Inc., Model alpha-SE). A
liquid cell with a volume of 0.5 mL supplied by the manufac-
turer was used for obtaining the wet measurements. The data
was analyzed via fitting a Cauchy model for a bare SPR
substrate which enables the film thickness and refractive
index to be simultaneously determined without using prede-
termined or assumed Cauchy coefficients. The wet and dry
refractive index measurements were then used with the effec-
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tive medium approximation for calculating the wet polymer
density (i.e., film polymer volume fraction (PVF). See Equa-
tion 1.

+2n§) (9]

+nf)

(nf7 - nﬁ)(ﬂz
p-dry
v (n2 — an)(nz
4 b\ pdry

np, = RI of polymer brush in PBS

n = RI of polymer brush in air

p-dry

np = RI of PBS, 1.333

[0261] The wet polymer density (PVF) in PBS of pCBAA
films made via SI-ATRP using 0%, 10%, 50% and 90% water
(v/v) was calculated using Equation 1 as described above.

[0262] Measurements of Nonspecific Protein Adsorption
by SPR.
[0263] Nonspecific protein adsorption of the pCBAA poly-

mer films was determined with a SPR biosensor using a flow
rate of 50 pul./min at 25° C. After first establishing a baseline
using PBS, undiluted human serum was flowed for 10 min-
utes, followed by buffer. Protein adsorption was quantified as
the difference between buffer baselines and converted to a
surface coverage using the appropriate sensitivity factor.
[0264] Results.

[0265] The pCBAA films were achieved by varying the
SI-ATRP water content from 0-90% (v/v) using a fixed reac-
tion time. The corresponding dry film thicknesses (8-40 nm),
dry RI values (1.48-1.56 RI units (RIU)), and protein adsorp-
tion to undiluted human serum indicated a maximum value
for both the thickness and RI as the polymerization rate was
varied. All films except for those made using 90% water (v/v)
enabled ultra low fouling properties. Thus it appears that
thickness does not play a significant role in protein resistance.
Because the dry film RI is proportional to the polymer den-
sity, the relatively high fouling for the films made from 90%
water is likely due to its lower polymer density with a corre-
spondingly reduced hydration, the primary mechanism of
protein resistance. In the initial stages of polymerization for a
given reaction, the thickness as well as the polymer density
are simultaneously changing. Thus, the thickness can still
serve as an indirect measure for achieving nonfouling sur-
faces. However, the results here illustrate that the polymer
density may be the direct and more important parameter for
reflecting protein resistance. This enables one to achieve ultra
low fouling with a densely packed thin film.

[0266] A minimum RI value (about 1.5) was observed,
representing a minimum polymer density for achieving ultra
low fouling properties with pCBAA films. The pCBAA film
had a peak thickness at about 40 nm using 20% water (v/v).
The ATRP reaction rate has been shown to be significantly
affected by the concentration of water. As the water content
increases, the rate of polymerization increases primarily due
to loss of deactivator. For example, polymer films grown
using 0% water enable a relatively slow reaction with low
polydispersity. Under this condition, the final thickness is
likely limited by the maximum solubility of the dense brushes
in methanol. Here, the solvation ability of methanol gradually
changes from good to bad as the chain length increases and
the solubility approaches saturation. This leads to confine-
ment of the growing chain end, limiting the access of free
monomer as well as the catalyst complex thus preventing



US 2013/0244249 Al

further propagation. Increasing the amount of water leads to
both an increase in the accessibility of the chain end due to the
super-hydrophilicity of zwitterionic carboxybetaine materi-
als and an increase in the polymerization rate, resulting in
larger film thicknesses. However, this comes at the expense of
more polydispersity (i.e., loss of control) and more frequent
irreversible chain-chain radical termination events. If such
recombination events occur too often, as in the case of very
high water concentrations, the film thickness can decrease.
Therefore, increasing the water content should initially lead
to larger film thicknesses until sufficient recombination
occurs.

[0267] The RI measurements have a similar trend to the
film thicknesses. Because the dry film RI is proportional to
polymer density, these results indicate that the density ini-
tially increases and then rapidly decreases with the rate of the
ATRP reaction. The films made from 0% and 90% water had
the lowest densities in air, despite the former being made
under the most controlled conditions (i.e., water-free) which
would be expected to yield a very high density polymer brush.
The films made using 10%-60% water had the highest poly-
mer densities. These are attributed to changes in surface mor-
phology and packing structure of the film due to the increased
polydispersity allowing for ion-pair interactions of the loose
chains, which collapse onto the surface in the presence of air,
similar to a multilayer polyelectrolyte film. The low value
achieved for the film made from 0% water is due to the highly
uniform and monodisperse brush containing few collapsed
chains. The result for the film made with 90% water (v/v) was
likely caused by excessive radical termination reactions
which occur under this condition, thus creating little pockets
for air thereby reducing the density. This is supported by the
rapid decrease in thickness for films made from high water
concentrations.

[0268] The wet polymer density (polymer volume fraction
(PVF)) in PBS of several films was also studied. A low wet
density will have a large amount of solvent relative to polymer
material thus enabling a large degree of swelling, correspond-
ing to a “loose” polymer structure. The films made using 0%,
10%, 50%, and 90% water had wet densities of 62%, 48%,
35%, and 73%, respectively. The initial decrease follows the
expected increase in polydispersity for the faster polymeriza-
tions, such as with high water concentrations. Therefore,
because the films made using 90% water elicit widespread
termination events, as indicated by the rapid decrease in
thickness, it is believed that such significant chain-end
recombination restricted the polymer from swelling yielding
a high wet density.

[0269] In summary, the data revealed a RI range of 1.50-1.
56 RIU with wet polymer densities from 62-35% PVF that
allowed zwitterionic pPCBAA films to achieve <5 ng/cm?® of
nonspecific protein adsorption from undiluted human serum.
[0270] The results enable a model of the polymer structure
as a function of water content (polymerization rate) and pro-
tein resistance to be developed. The water free scenario
results in thin but uniform and dense polymer brushes with
low polydispersity and ultra low fouling properties. As the
water concentration increases, the polydispersity increases
but the amount of termination is not excessive enough to
significantly suppress film growth. The continued propaga-
tion enabled by the lack of recombination provides for a
similarly dense base-layer to form and thus ultra low fouling
properties can be achieved. The scenario for high water con-
tent occurs with very fast and uncontrolled reactions in which
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radical recombination frequently occurs. This restricts poly-
mer growth and reduces the polymer density thereby affect-
ing the film hydration and subsequent protein resistance.

Example 5

Packing Density of Representative Zwitterionic
Polymer Brushes

Swell Ratio

[0271] Inthis example, the effects of chain packing density
on protein resistance properties of surface-initiated polymer
brushes as measured by swelling ratio are described.

[0272] Polymer brushes based on dual-function poly(car-
boxybetaine acrylamide) (pCB) were prepared via surface-
initiated photoiniferter-mediated polymerization to deter-
mine the effects of the chain packing density on the protein
resistant properties of surface-initiated polymer brushes. By
adjusting the UV radiation time and solvent polarity, films
with different thicknesses and packing densities were char-
acterized via ellipsometry under both dry and wet conditions.
Non-specific protein adsorption from undiluted human
plasma and serum was then measured with a surface plasmon
resonance (SPR) biosensor. The results indicated that the dry
film thickness alone is not a sufficient characterization for
evaluating non-fouling properties and the chain packing den-
sity must be considered. Based on this study, highly-packed
and ultra-thin pCB films were developed and applied to the
detection of human thyroid stimulating hormone (TSH) in
serum by SPR with high sensitivity and specificity.

[0273] Previous studies have identified the optimized “dry”
thicknesses of pCB brushes for ultra-low fouling properties as
being in the range of 20-30 nm. In bio-applications, the films
are typically used in an aqueous environment. Hence, the
“wet” thickness of the polymer brush films should be taken
into account when determining the effects of thickness on
non-fouling properties. The ratio of stretched and collapsed
polymer film thicknesses was used to determine a swelling
ratio as a means to characterize the effects of chain packing
density on protein resistance. The packing density and film
thickness of tethered pCB brushes prepared via SI photoin-
iferter-mediated polymerization were varied by adjusting the
UV radiation time and solvent polarity. The resulting pCB
film thicknesses in air and physiological buffer were mea-
sured and correlated with the non-fouling properties to undi-
Iuted human serum and plasma. Human thyroid stimulating
hormone (TSH) detection using SPR integrated with a highly
packed and thin pCB film as a binding platform demonstrated
remarkable sensitivity and specificity.

[0274] Growth and Non-Fouling Properties of pCB Films.
[0275] The SI polymerization was carried out in the mix-
ture of ethanol and water with a volume ratio of 75:25 with a
monomer concentration of 0.15 M. The thickness (d) and
swelling ratio (0) of prepared pCB films was measured using
an ellipsometer and analyzed as a function of the UV radia-
tion time. The thicknesses of pCB films in air and PBS
increased with the UV radiation time. After 30 min of UV
exposure, the film grew to thicknesses of ddry=22.1+1.1 nm
and dwet=62.0+£3.1 nm in air and PBS, respectively. How-
ever, the swelling ratio showed the opposite trend, declining
from 3.6 to 2.8 for the 30 min UV radiation time. For the
fouling test with undiluted blood serum and plasma, the foul-
ing level decreased with increasing UV radiation time. As the
film grew to ddry=22.1x1.1 nm and 0=2.8, it exhibited ultra-
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low fouling properties, which is in agreement with those
observed on pCB and poly(hydroxypropyl methacrylate) pre-
viously prepared via SI-ATRP.

[0276] A steep increase in thickness was observed at the
beginning of polymerization, which was more pronounced
for the “wet” thickness. The non-linear growth rate of pCB
provides evidence that surface-tethered free radicals are lost
during the course of polymerization. This observation con-
firms the feature of the initial rapid growth in photoiniferter-
mediated photo-polymerization. The stretching of polymers
decreased with UV radiation time. The rapid growth and
termination of tethered polymers rendered the film sparse and
the polymer chains coiled, giving rise to a “mushroom” con-
formation, manifested in the high swelling ratio. As the “liv-
ing” polymer chains continue to grow, the chains interact with
each other and, hence, stretch to become a “brush” confor-
mation. The film thickness and chain packing density syner-
gistically affect the non-fouling properties.

[0277] Solvent Effects on Brush Packing Density and Non-
Fouling Properties.

[0278] In order to solidify the correlation between chain
packing density and non-fouling properties, a pCB film with
a thin thickness and high packing density was prepared
through changing the solvent content in the polymerization.
The UV radiation time and monomer concentration remained
constant at 30 min and 0.15 M, respectively, and the volume
ratio of methanol to water in solution was changed from 50%
to 100%. Film thicknesses in air and in PBS decreased with
the ratio of methanol, as well as their swelling ratio, which
dropped from 3.7 to 2.5. The surface resistance to fouling
from serum and plasma on pCB samples indicates that with
increasing methanol content during photo-polymerization,
non-specific adsorption on surfaces tends to decrease, reach-
ing the ultra low fouling level. Furthermore, two samples
were prepared from MeOH:H2O ratios of 50:50 and 70:30 for
shorter radiation time, which exhibited similar dry film thick-
nesses but swelling ratios distinct from those prepared by the
100% methanol condition (FIG. 15A). Clearly, although
these films have similar film thicknesses, the pCB films with
high swelling rations or highly loose chain densities show
significantly higher fouling levels than that with low swelling
ratio or highly packed density (FIG. 15B). These findings
indicate that the high chain packing density namely contrib-
utes to excellent non-fouling performance, as long as a suffi-
cient thickness is obtained (dwet=about 23 nm in this case).
[0279] The solvent effect was taken into consideration for
investigating chain packing density and subsequent resis-
tance to protein adsorption. Water and methanol were chosen
as solvents for the super hydrophilic CB monomer due to their
high polarity indices, which are 9.0 and 5.1, respectively.
Higher methanol content leads to more controllable polymer-
ization. These results for the first time reveal the correlation
among non-fouling properties, growth rate and packing den-
sity of polymer films prepared via SI photo-polymerization
approach, and point out the importance of the internal archi-
tecture of polymer brush for delicate design of desirable
surface properties.

[0280] SPR Detection for TSH Hormone Antigen.

[0281] Functionalizable pCB was applied to a binding plat-
form in SPR for in situ detection of TSH antigens in undiluted
serum. Experiments were performed on pCB films fabricated
from the solvents with MeOH:H,O ratios of 50:50, 70:30 and
100:0 under 30 min UV radiation, and the wet thicknesses of
resulting films were 93.7+1.5 nm, 67.8+1.2 nm, and 22.8+2.3
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nm, respectively. For convenience, those samples were
denoted pCB-94, pCB-68, and pCB-23, respectively, accord-
ing to their wet thicknesses. The surfaces were functionalized
with anti-TSH antibodies through EDC/NHS coupling chem-
istry and the resulting binding capacities were 422.7+8.2 ng
cm™2, 396.2x13.6 ng cm™2, and 262.5+0.8 ng cm™2 on pCB-
94, pCB-68 and pCB-23, respectively. After the establish-
ment of baseline, undiluted blood serum containing 1 g
ml.-1 TSH antigens was flowed over the surfaces in contact
with conjugated IgG molecules and, additionally, in the other
channel the serum without antigen was parallel tested as a
control experiment. In order to compare the net responses
upon antigen binding on three surfaces, the signals obtained
from TSH-containing channels were subtracted from the sig-
nals of control channels. The net sensor responses to TSH
binding on pCB films indicated that the strengths of responses
increased with decrease in film thicknesses.
[0282] The evanescent wave-based biosensor, such as SPR,
exhibits a strength profile of a probing field exponentially
decaying from the interface. For the regular SPR, the penetra-
tion depth of the probing field is typically around 200 nm,
beyond which the binding event cannot be detected. pCB-23
with high chain packing density was prepared under a water-
free condition. Compared to the films prepared from water-
rich solutions, the pCB-23 represents very high sensor
responses to TSH binding in complex media due to its ultra-
low fouling properties and thin thickness although its anti-
body loading was the lowest. Therefore, the high resistance to
non-specific adsorption and the effective use of probing field
allow enhancing dramatically the specificity and sensitivity
of biosensors.
[0283] While illustrative embodiments have been illus-
trated and described, it will be appreciated that various
changes can be made therein without departing from the spirit
and scope of the invention.
The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:
1. A film, comprising:
(a) afirst layer having a first layer density, wherein the first
layer is attached to a substrate; and
(b) a second layer having a second layer density, wherein
the second layer is attached to the first layer,
wherein the first layer density is greater than the second
layer density.
2. The film of claim 1, wherein the second layer further
comprises a plurality of recognition elements.
3. The film of claim 1 further comprising one or more
additional layers attached to the second layer.
4. The film of claim 1, wherein the first layer comprises a
plurality of polymers.
5. The film of claim 1, wherein the first layer is a nonfouling
layer.
6. The film of claim 1, wherein the first layer has a fibrino-
gen binding level less than about 30 ng/cm?>.
7. The film of claim 1, wherein the first layer has a
lysozyme binding level less than about 30 ng/cm?.
8. The film of claim 1, wherein the second layer comprises
a plurality of polymers.
9. The film of claim 4, wherein the second layer comprises
a plurality of polymers.
10. The film of claim 1, wherein the second layer is a
crosslinked layer.
11. The film of claim 4, wherein the first polymers are
grafted from the substrate.
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12. The film of claim 4, wherein the first polymers are
grafted to the substrate.

13. The film of claim 8, wherein the second polymers are
grafted from the first polymers.

14. The film of claim 8, wherein the second polymers are
grafted to the first polymers.

15. The film of claim 9, wherein the first and second poly-
mers are independently selected from the group consisting of
charged polymers and copolymers and non-charged poly-
mers and copolymers.

16. The film of claim 9, wherein the first and second poly-
mers are independently selected from zwitterionic polymers
and copolymers and mixed charge copolymers.

17. The film of claim 9, wherein the first and second poly-
mers are independently selected from the group consisting of
polysulfobetaines, polycarboxybetaines, polyphosphobe-
taines, peptides, and peptoids.

18. The film of claim 9, wherein the first and second poly-
mers are independently selected from alkylene oxide poly-
mers and copolymers, polysaccharide polymers and copoly-
mers, acrylamide polymers and copolymers, or hydroxy-
terminal polymers and copolymers.

19. The film of claim 9, wherein the first polymers or the
second polymers are zwitterionic polymers having the for-
mula:

PB-[L;-(N"(Ro)(R3))-L»-A0, X7],(M"),

wherein

PB is the polymer backbone having n pendant zwitterionic
groups;

R, and R are independently selected from the group con-
sisting of hydrogen, alkyl, and aryl, or taken together
with the nitrogen to which they are attached form a
cationic center;

L, is a linker that covalently couples the cationic center
[N*(R5)(Rg)] to the polymer backbone;

L, is a linker that covalently couples the anionic center
[A(=0)—07] to the cationic center;

Ais C, S, SO, P, or PO;

M* is an optional counter ion associated with the (A=0)—
O~ anionic center;

X~ is an optional counter ion associated with the cationic
center; and

n is an integer from 1 to about 10,000.
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20. The film of claim 9, wherein the first polymers or the
second polymers are mixed charge copolymers having the
formula:

PB-[Ly-(N"(Re)(R7)(Rg)X ], [Lg-A20, M'],,

wherein

PB is the polymer backbone having n pendant cationic
groups and p pendant anionic groups;

Rg, R, and Ry are independently selected from hydrogen,
alkyl, and aryl, or taken together with the nitrogen to
which they are attached form a cationic center;

A(—0)—OM) is an anionic center, wherein A is C, S, SO,
P, or PO, and M™ is an optional counter ion;

L; is a linker that covalently couples the cationic center
[N*(Ro)(R,)(Rg)] to the polymer backbone;

L, is a linker that covalently couples the anionic center
[A(=0)—O0M] to the polymer backbone;

X~ is an optional counter ion associated with the cationic
center;

n is an integer from 1 to about 10,000; and

p is an integer from 1 to about 10,000.

21. The film of claim 1, wherein the substrate is selected
from metal and metal oxide surfaces, ceramic surfaces, syn-
thetic and natural polymeric surfaces, glass surfaces, fiber
glass surfaces, silicon/silica surfaces, carbon-based material
surfaces, cell surfaces, or macromolecule surfaces (protein,
DNAs, lipids).

22. The film of claim 1, wherein the substrate is the surface
of'a diagnostic device, a medical device, a separation device,
a targeting delivery carrier, a scaffold, or a marine coating.

23. A method for making a film, comprising:

(a) forming a first layer having a first layer density on a
substrate; and

(b) forming a second layer on the first layer, the second
layer having a second density,

wherein the first layer density is greater than the second
layer density.

24. The method of claim 23 further comprising attaching a

plurality of recognition elements to the second layer.

25. A method for determining the presence of an analyte in
a sample, comprising:

(a) contacting a sample with a film of claim 2, wherein the
recognition element has a specific binding affinity for
the analyte; and

(b) interrogating the film to determine whether the analyte
has bound to the film.
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